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The  most  productive  approaches  to  the  problem  of  the  gamma-ray  laser  have 
focused  upon  upconverslon  techniques  in  which  metastable  nuclei  are  pumped 
with  long  wavelength  radiation.  At  the  nuclear  level  the  storage  of  energy 
can  approach  tera-Joules  (lO'^j)  pgj-  liter  for  thousands  of  years.  However, 
any  plan  to  use  such  a  resource  for  a  gamma-ray  laser  poses  problems  of  a 
broad  interdisciplinary  nature  requiring  the  fusion  of  concepts  taken  from 
relatively  unrelated  fields  of  physics.  Our  research  group  has  described 
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20,  Abstract  (continued) 

several  means  throu^  which  this  energy  might  be  coupled  to  radiation  fields 
with  cross  sections  for  stimulated  emission  that  could  reach  lO'^^  cm^.  Such 
a  stimulated  release  could  lead  to  output  powers  as  great  as  3  x  lO^i 
tfatts/liter.  Since  1978  we  have  pursued  an  approach  for  the  upconversion  of 
longer  wavelength  radiation  Incident  upon  isomeric  nuclear  populations  that 
can  avoid  many  of  the  difficulties  encountered  with  traditional  concepts  of 
single  photon  pumping.  Experiments  have  confirmed  the  general  theory  and 
have  indicated  that  a  ganuna-ray  laser  is  feasible  if  the  right  combination 
of  energy  levels  and  branching  ratios  exists  in  some  real  material.  Of  the 
1,886  distinguishable  nuclear  materials,  the  present  state-of-the-art  has 
been  adequate  to  identify  29  first-class  candidates,  but  further  evaluation 
cannot  proceed  without  remeasurements  of  nuclear  properties  with  higher 
precision.  A  laser-grade  database  of  nuclear  properties  does  not  yet  exist, 
but  the  techniques  for  constructing  one  have  been  developed  and  utilized 
under  this  contract.  Resolucion  of  the  question  of  the  feasibility  of  a 

farama-ray  laser  now  rests  upon  the  determination  of:  1)  the  identity  of  the 
est  candidate,  2)  the  threshold  level  of  laser  output,  and  3)  the  upconver¬ 
sion  driver  for  that  material. 

This  final  report  focuses  upon  our  approach  that  is  the  nuclear  analog  to 
the  ruby  laser.  It  embodies  the  simplest  concepts  for  a  gamma-ray  laser  and 
not  surprisingly,  the  greatest  rate  of  achievement  in  the  quest  for  a 
subAngstrom  laser  was  realized  in  that  direction.  For  ruby  the  identifica¬ 
tion  and  exploitation  of  a  bandwidth  funnel  were  the  critical  keys  in  the 
development  of  the  first  laser.  Theie  was  a  broad  absorption  band  linked 
through  efficient  cascading  to  the  narrow  laser  level. 

In  1987  we  reported  a  major  milestone  which  showed  that  comparable  structure 
existed  at  the  nuclear  scale  in  the  first  of  the  29  candidate  Isomers 
available  for  testing,  ^*®Ta'".  Populations  of  the  isomer  were  successfully 
pumped  down  with  flashes  of  x-rays  absorbed  through  an  astonishingly  large 
cross  section  of  40,000  on  the  usual  scale  (  10'*®  cm*  keV)  where  10 

describes  a  fully  allowed  process.  This  corresponded  to  a  partial  width  for 
useful  absorption  of  0.3  eV,  even  better  than  what  had  been  assumed  for 
Idealized  nuclei. 

In  the  course  of  this  contract  work  we  discovered  that  the  giant  pumping 
resonances  occurred  with  a  gratifying  frequency  throughout  the  table  of 
nuclides,  reaching  optimal  size  and  strength  in  the  mass  region  where  the 
better  candidates  lie.  Nineteen  Isomers  were  successfully  pumped  with  the 
bremsstrahlung  from  both  a  4  MeV  linac  and  a  6  MeV  linac.  The  giant 
resonances  for  pumping  the  candidate  Isomers  i®0Ta"  and  iJ^Te"*  were  found  to 
open  at  gateway  energies  well  below  4  MeV.  These  candidates  have  the 
largest  Integrated  cross  sections  for  pumping  with  x-rays  ever  found  below  4 
MeV  in  any  nuclei.  These  two  poorest  of  the  29  candidates  are  the  only  ones 
available  for  testing  and  they  continue  to  outperform  even  the  most  optimis¬ 
tic  expectations.  The  likelihood  for  the  full  feasibility  of  one  of  the 
better  candidates  continues  to  be  raised  by  the  successes  enjoyed  with  the 
least  attractive  of  the  29  candidates! 

At  the  conclusion  of  this  work  w#  focused  upon  the  extension  of  these 
achievements  in  pumping  nuclei  to  those  having  laser-llke  transitions  with 
microsecond  lifetimes.  For  the  test  cases  of  Ta-181  and  Hf-176  giant 
resonances  were  found  for  the  pumping  of  fluorescence  from  levels  with 
lifetimes  of  18  and  10  microseconds,  respectively.  Tho.se  nuclei  were  pumped 
with  the  Texas-X  linear  accelerator  Installed  in  our  facility  for  the 
dedicated  use  in  gamma  ray  laser  research.  The  importance  of  these  first 
results  are  that  the  particular  nuclei  studied  are  very  close  neighbors  in 
the  sense  of  nuclear  structure  to  the  still  unavailable  first  class  candi¬ 
date  nuclei  for  a  gamma  ray  laser.  Such  favorable  results  with  these  close 
simulations  argue  strongly  for  analogous  successes  with  the  actual  candidate 
nuclei . 


itCoaiTV  CCAUIPICATtON  OP  "THIt  eASef»l>»«  Omm  Bitmo 


PREFACE 


At  Hrst  approach  it  would  seem  that  the  prospects  for  all  ultrashort  wavelength  lasers 
would  be  vitiated  by  the  basic  dependence  of  electron  transition  probabilities  that  drastically 
limits  the  storage  of  pump  energies.  However,  there  are  some  unique  advantages  of  a  gamma-ray 
laser  that  would  acprue  from  its  operation  upon  electromagnetic  transitions  of  nucleons  as 
opposed  to  electrons.  First,  the  constant  linking  with  lifetime  is  more  favorable  by 
orders-of-magnitude  because  of  the  accessibility  of  a  variety  of  transition  moments.  For 
example,  nuclear  transitions  with  100  keV  energies  ^n  have  microsecond  lifetimes  so  the  effects 
pumped  by  an  input  pulse  can  be  integrated  up  to  larger  values  for  longer  times.  Secondly, 
nuclear  metastables  store  keV  and  even  MeV  for  years.  With  upconversion  schemes  most  of  the 
pump  power  is  input  long  before  the  time  of  use  and  triggering  requirements  are  small.  Nuclear 
transitions  need  not  have  thermal  broadening  and  natural  linewidths  are  routinely  obtained. 
Without  broadening,  electromagnetic  cross  sections  are  large  and  values  for  I  A  transitions 
typically  exceed  the  cross  section  for  the  stimulation  of  Nd  in  YAO.  Finally,  working  metastables 
can  be  concentrated  to  solid  densities.  As  candidates  for  ultra  short  wavelength  media,  nuclear 
populations  clearly  offer  some  strong  advantages. 

The  clear  attractions  notwithstanding,  a  decade  ago  the  difficulties  in  realizing  a  gamma-ray 
laser  were  considered  to  be  almost  insurmountable.  However,  in  I  982  we  began  to  emphasize  in 
interdisciplinary  concept  of  upconversion  which  ultimately  launched  a  renaissance  in  the  field.  The 
essential  concept  was  the  '* optical”  pumping  of  nuclei.  In  this  case  optical  meant  x  rays,  but  the 
fundamentals  were  the  same.  Useful,  resonant  absorption  of  pump  power  would  occur  over 
short  distances  to  produce  high  concentrations  of  excited  nuclei  while  wasted  wavelengths  would 
be  degraded  to  heat  in  much  larger  volumes.  Of  all  the  cases  considered,  the  nuclear  analog  of  the 
ruby  laser  embodied  the  simplest  concepts  for  a  gamma-ray  laser.  Not  surprisingly,  the  greatest 
rate  of  achievement  has  been  realized  in  that  direction. 


^  For  ruby,  the  identification  and  exploitation  of  a  bandwidth  funnel  were  the  critical  keys  in 
the  developn«nt  of  tl«  first  laser.  There  was  a  broad  absorption  band  linked  through  efficient 
cascading  to  the  narrow  laser  level.  CXir  model  called  for  a  nuclear  analog  of  this  structure  which' 
was  unknown  in  1986  when  the  first  phase  of  experiments  was  started.  That  theory  was 
confirn%d  in  1988  when  intense  flashes  of  x  rays  were  used  to  dump  the  stored  energy  of  an 
isomer  for  the  rare  nuclide  ts®Xa'"  which  exists  naturally  as  100%  inverted.  During  the  course  of 
the  res«irch  contracted  over  the  past  three  years  our  concept  for  a  gamma-ray  laser  matured  to 
the  point  where  it  Is  now  included  in  the  textbooks.  The  first  article  in  this  final  report  is  such  a 
review  from  tte  CRC  Handbook.  It  provides  a  convenient  context  into  which  can  be  placed  the 
detailed  reports  of  achievements  realized  under  this  contract. 

Following  the  breakthrough  in  dumping  populations  of  the  '^Xa™  isomer,  experiments 
with  the  unique  superconducting  linac  at  Darmstadt  showed  that  the  nuclei  were  pumped  down 
through  two  isolated  resonances  of  extraordinary  strength,  about  10^  times  larger  than  expected 
for  the  extitation  of  nuclei  by  x  rays.  Subsequent  experiments  used  four  accelerators  to  survey 
19  isotopes  for  the  systematic  occurrence  of  these  giant  pumping  resonances. 

Then  research  focused  upon  the  extension  of  the  results  to  systems  more  nearly  resembling 
actual  laser  materials.  Fluoiescent  transitions  with  laser-like  lifetimes  of  microseconds  were 
found  to  be  pumped  with  the  same  type  of  resonances  having  such  extraordinary  strengths.  This 
major  achievement  was  the  synthesis  of  efforts  to  advance  instrumentation,  with  an  emphasis 
upon  materials  with  microsecond  lifetimes.  The  research  was  made  possible  by  the  successful 
installation  of  the  Texas-X  linear  accelerator  at  our  facility.  •  Dedicated  fully  to  this  work  it 
wpported  the  study  of  these  more  difficult  nuctei.  The  details  of  these  achieyements  are 
reviewed  in  the  following  sections  together  with  preprints  and  reprints  ot  those  aspects,  selected 
for  publication.  Results  these  past  three  years  continue  to  enhance  the  feasibility  of  a  wmma 
hser  by  further  reducing  demands  upon  potential  pump  systems. 
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Chapter  4  5 

GAMMA  RAY  LASLRS 
Carl  B.  Collins 


UPCONVERSION  IN  THE  NUCLEUS 

At  the  nuclear  level,  the  storage  of  excitation  energies  in  the  Mossbaucr  range  of  I  to 
1000  keV  can  approach  tera  Joules  (10'’  J)  per  liter  for  thousands  of  years  If  successfully 
coupled  to  the  radiation  field  the  stimulated  release  of  such  nuclear  energies  would  occur 
at  the  rate  at  which  resonant  electromagnetic  radiation  passed  through  the  laser,  medium  and 
could  lead  to  output  powers  as  great  as  3  x  lO”  W'/l  This  is  an  astronomical  Icsel  of 
mtensity  arid  has  not  been  approached  to  withiri  orders  of  magnitude  on  earth  by  any  means 
previously  The  peak  power  from  a  one  liter  device  would  represent  about  0  03“^  of. the 
total  power  output  from  the  sun 

Unfortunately,  the  quest  for  a  gamma-ray  laser  has  b~en  one  of  the  longest  unfruitful 
efforts  in  the  field  of  laser  science.  Virtually  all  of  the  sustained  pioneering  work  was  done 
by  relatively  few  groups  in  the  U  S  and  in  the  U.S.S  R.  a,>J  focused  upon  the  single  photon, 
brute  force  approach  to  pumping  That  work  dealt  extensively  with  concepts  involving  the 
use  of  a  neutron  flux  for  pumping  the  laser  medium,  either  in  situ  in  real  time  or  as  a 
preparatory  step  to  be  followed  by  a  rapid  separation  of  isotopes  within  their  natural  lifetimes 
All  proposals  were  concluded  to  require  infeasibly  high  levels  of  particle  fluxes  to  pump 
the  inversions,  exceeding  even  those  available  from  nuclear  explosions,  and  to  require  neutron 
moderators  having  virtually  infinite  thermal  capacities  By  1980,  all  conceivable  variants  of 
the  single  photon  approach  had  been,  characterized  as  hopeless  In  1981  this  traditional 
approach  to  a  gamma-ray  laser  was  virtually  abandoned  "  ith  the  publication  of  Baldwin’s 
splendid  review  of  all  classical  efforts  ' 

A  renaissance  in  feasibility  studies  was  launched  with  the  modernization  of  concepts  for 
the  upconversion  in  the  nucleus  of  lower  energy  input  radiation.  In  the  darly  1980s,  processes 
such  as  the  stimulated  anti-Stokes  scattering  of  intense  but  conventional  laser  tadiaiion  were 
tniroduced  ’  The  theoretical  implications  of  this  renaissance  were  reviewed'  in  1982. 'If 
Strengthened  by  recent  infusions  of  nuclear  phase  modulation  theory,*  that  article  still  pro¬ 
vides  the  most  convenient  review  of  the  basic  concepts  and  requirements  for  a  viable  gamma- 
ray  laser  scheme  By  involving  two  distinct  steps,  .the  upconversion  techniques  for  pumping 
a  gamma-ray  laser  avoid  the  severe  relationships  between  storage  times  and  spontaneous 
powers  wasted  at  threshold  that  were  imposed  on  the  single-step  processes  '  Replacement 
power  that  is  required  falls  within  a  technically  accessible  range  avoiding  damage  to  the 
laser  medium 

These  two-step,  upconversion  processes  can  be  divided  further  into  two  basic  categories 
that  correspond  to  the  type  of  pumping  employed  coherent  and  incoherent,  as  shown  in 
Figure  4  5  I  The  critical  concept  here  is  that  both  transfer  the  stored  population  to  a  slate 
at  the  head  of  a  cascade  leading  to  the  upper  laser  level  To  be  effective  the  pumping 
processes  cannot  transfer  loo  many  quanta  of  angular  momenta  frpm  the  fields,  and  the 
cascade  provide'  a  mechanism  for  further  changes  that  may  be  necessaiy  to  reach  the  laser 
levels  Then  the  ultimate  viability  of  these  pump  schemes  will  depend  upon: 


1.  Spectroscopic  studies  locating  a  suitable  configuration  of  nuclear  energy  levels,  and 

2  "kinetic  "  studies  providing  an  efficient  path  oPcascading  from  the  intermediate  or 

dressed  state  to  the  upper  lasei  level.  _ _  _ 


FIGURE4  SI  Schtmaiic  diagram  showing  the  ewii-.iically  e»ciifd  levels  of  »iypic»l  nuilcuv 
of  inicresi  lo  Ihe  development  of  a  gamma-ray  laser  Life  nmes  of  ihe  stored  energies  in  the 
isomenc  level  produced  by  the  initial  capture  can  range  'ror  i  days  to  hundreds  of  years  The 
first  phase  of  the  two-step  process  for  the  stimulated  'e.ea^  if  the  stored  energy  is  shown  in 
Ihe  figure  by  the  solid  arrows  Both  subsequent  altem.  ■  s  vOrTesjond  to  the  use  of  longer 
wave-length  radiation  to  lift  a  nucleus  from  the  siorag  is  .1  to  i  higl  ler  level  of  eiciianon  that 
has  a  much  shorter  lifetime  The  arrow  marked  (!'  >■  •...•rue',  the  n coherent  pumping  of  the 
storage  level  through  the  absorption  of  an  a-ra;  mat  i>  r-.-sonant  with  the  energy  separation 
between  the  storage  level  and  the  neat  higher  leve'  o*  p  -’pe;  symmeti  y  The  arrow  marked  ( f  I. 
represents  the  sltemative  process  of  coherent  pumping  .hrough  the  m  nresonant  absorption  of  a 
photon  from  the  radiation  field  in  o,der  to  create  a  "iPLal  or  dressed  state  of  eacitation  shown 
by  the  dashed  level  in  the  figure  In  either  case  tfit  -ginuna-ray  outgui  ultimately  results  from 
the  upper  laser  level  populated  by  a  cascade  occumr.g  as  a  second  st  p.  as  shown  to  the  figure 
by  either  of  the  double  arrows.  (2)  and  (2') 

Because  of  the  interdisciplinary  nature  of  th.  tnoblem,  even  for  an  idealized  nuclear 
nuuerial,  computations  of  ‘hreshold  levels  of  pumping  are  not  'vithout  difficulty  However, 
under  idealized  conditions,  ihe  part  of  the  pump  eregy  which  rr  ust  be  supplied  in  situ  would 
tM  be  large  enough  to  represent  a  major  impediment  to  the  realization  of  a  gamma-ray 
laser.’  The  real  difficulties  lake  peculiar  forms  The  use  of  coherent  upconversion  would 
rR)uire  the  location  of  nearly  degenerate  levels  which  could  not  be  resolved  by  conventional 
Mhniques  of  nuclear  spectroscopy.  The  use  of  incoherent  pumping  with  X-rays  would 
m|uire  a  level  of  knowledge  about  branching  ratios  and  transit  on  probabilities  beyond  that 
available  from  cunmnt  methodology  Despite  Ihe  many  applicati  tns  of  beautiful  and  involved 
iKhni  jues  of  nuclear  spectroscopy,  the  current  data  base  is  inadequate  in  both  coverage  and 
resolution  either  to  answer  Ihe  question  of  whether  an  acceptable  isotope  exists  or  to  guide 
in  Ihe  sel^tion  of  a  possible  candidate- medium  for  a  gamma-riy  laser.  In  fact,  the  paucity 
of  laser-gratte  data  de^ribing  nuclear  properties  is  so  severe  th  «  one  cannot  say  which  real 
isMope  represents  the  best  approximation  to  Ihe  ideal. 

for  lifetimes  ranging  from  seconds  lo  infinity  there  are  I8li6  real  nuclei  lo  consider  as 
candidates  for  a  gamma-ray  laser.  Computer  based  searches  o '  the  existing  data  base  have 
served  to  identify  29  first  class  candidates.  Of  these,  10  are  Inown  to  have  the  necessary 
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(but  not  necessarily  sufficieni)  arrangement  of  levels  in  which  there  is  an  isomcnc  storage 
level  and  at  lower  energies:  (I)  an  upper  laser  level  with  lifetime  between  I  nsec  and  10 
|i.s.  and  (2)  a  lower  laser  level  of  even  less  energy.  Unfortunately,  all  ten  are  exotics  having 
no  other  utility  and,  hence,  there  is  no  supply  of  samples  for  experimentation. 

CRITICAL  EXPERIMENTS 


Incoherent  Pumping  of  Nuclei 

Levels  of  nuclear  excitation  which  might  be  efficiently  stimulated  in  a  gamma-ray  laser 
are  very  difficult  to. pump  directly.  To  have  lifetimes  long  enough  to  integrate  the  rates  of 
inversion  of  population  that  can  be  pumped  at  reasonably  accessible  levels  of  input  power, 
such  levels  must  have  very  narrow  widths  for  interaction  with  the  radiation  field  This  is  a 
fundamental  attribute  that  has  led  to  the  general  concern’ that  absorption  widths  in  nuclei 
are  too  narrow  to  permit  effective  pumping  with  X-rays  Precisely  the  same  concerns  were 
voiced  in  atomic  physics  before  Maiman's  great  discovery  and  it  is  useful  to  pursue  this 
analogy  between  ruby  and  gamma-ray  lasers 

The  nuclear  analog  of  the  ruby  laser  embodies  the  simplest  concepts  for  a  gamma-ray 
laser.  Not  surprisingly,  the  greatest  rate  of  achievement  in  the  quest  for  a  sub-Angstrom 
laser  has  developed  in  that  direction.  For  ruby  the  identification  and  exploitation  of  a 
bandwidth  funnel  were  the  critical  keys  in  the  development  of  the  first  laser  There  was  a 
broad  absorption  band  linked  through  efficient  cascading  to  the  narrow  laser  level.  Nuclei 
to  be  used  in  the  analog  of  the  ruby  laser  can  start  in  either  ground  or  isomeric  stales 
However,  with  the  lattei,  most  of  the  output  power  can  be  derived  from  the  energy  stored 
in  the  isomeric  state  at  its  creation. 

Whether  of  not  the  initial  state  being  pumped  is  isomeric,  the  principal  figure  of  merit 
for  bandwidth  fur.neling  is  the  partial  width  for  the  transfer,  b,b„r.  The  f  is  the  total  width 
of  the  intermediate  level  .shown  to  the  left  of  Figure  4.5  I  and  the  branching  ratios  b,  and 
b„  specify  the  probabilities  that  a  population  pumped  by  absorption  into  the  broad  level  will 
decay  back  into  the  initial  or  fluorescent  levels,  respectively.  It  is  not  often  that  the  sum  of 
branching  ratios  is  unity,  as  channels  of  decay  to  other  levels  are  likely  However,  the 
maximum  value  of  partial  width  for  a  particular  level  occurs  when  b,  =  b„  =  0.5. 

The  actual  measurement  of  partial  width  involves  the  correlation  of  fluorescence  yields 
excited  by  a  pulse  of  continuous  X-rays  with  those  expected  from  the  expression’  * 


N. 


(I) 


where  .No.  and  N,  are  the  numbers  of  initial  and  fluorescent  nuclei,  respectively,  (ip/A)  is 
the  spectral  intensity  of  the  bremsstrahlung  in  keV/keV.'cm*  at  the  energy  E,  of  the  i-th  pump 
band,  and  the  summation  is  taken  over  all  of  the  possible  pump  bands  capable  of  cascading 
to  the  same  fluorescence  level  of  interest.  The  L  is  a  combination  of  nuclear  parameters 
including  the  partial  width  b.b.P  in  keV, 


(Trb.b.rg/2). 

E. 


(2) 


where  a  is  the  peak  of  the  Breit-Wigner  cross  section  for  the  absorption  step.  The  combination 
of  parameters  in  the  numerator  of  Equrtion  2  is  termed  the  integrated  cross  section  for  the 
transfer  of  population  in  the  incoherent  scheme  of  pumping. 

Of  the  many  potential  systems  for  a  test  of  the  formulations  of  Equations  I  and  2.  the 
literature’  supports  the  calculation  of  integrated  cross  sections  for  very  few.  Table  4.5.1 
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Tabic  4.5.1 

SUMMARY  OF  NUCLIDES,  ABSORmON  LINES,  AND  INTE<;KATKI> 
CROSS  SECTIONS  nb.bj'<»^2  FOR  THE  EXCITATION  OF  DELAYED 
fluorescence  SUITABLE  FOR  USE  AS  CALIBRATION 
STANDARDS  OF  X-RAY  PUMP  SOURCES 


Pump  line 

Crou  section 

<k«V) 

<10  '•em'kcVi 

’•Br 

761 

6  2 

"Sc 

250 

0  20 

480 

0  87 

SIR 

0  7 

1005 

500 

"'In 

1078 

18  7 

FICUXE  4  3  2  Ftuomcence  specinim  from  a  urgel  conliining  1.25  g  LiBr  tfxj  1.20  g  of  ckmtnial  Sc,  both 
in  naiural  abundancei,  exctted  with  a  single  imdiaiion  by  the  bnmssirahlung  produced  by  the  ONA/PITHON 
rtKiron  beam  device  Acquisition  time  of  this  data  was  SO  s.  Prominent  lines  are  contnbuied  by  the  isomeric 
mntiiions  indicated 

summarized  those  which  are  known  with  sufficient  accuracy  to  serve  as  standards.  In  the 
convenient  units  of  10'”  cm’  keV,  values  range  fron.  the  order  of  unity  to  a  few  tens  for 
bandwidth  funnels  that  are  sufficient  for  demonstrations  f.f  nuclear  fluorescence  from  rea¬ 
sonable  amounts  of  material  at  readily  accessible  levels  of  input 
In  a  recently  reported’  **  series  of  experiments  it  was  shown  that  bandwidth  funneling 
yvorks  as  well  at  the  nuclear  level  as  it  had  at  the  molecular  level.  In  order  to  validate  the 
epical  pumping  model  of  Equations  I  and  2,  samples  of  the  standard  nuclei  c*  ’’’able  4,5. 1 
were  pump^  with  intense  pulses  of  bremsstrahlung  from  the  DNA  nuclear  simulas  r  P|* 
THON.  The  clear  signal-to-noise  ratios  that  typified  subsequent  measurements  of  nucleai 
fluorescence  exited  through  the  pump  bands  of  Table  4.5. 1  are  shown  in  Figure  4.5.2.  The 
quality  of  such  data  enabled  us  to  ‘‘invert’’  Equations  I  and  2  so  that  the  spectral  intensities 
of  the  pomp  could  be  <toin«l  at  three  energies  from  the  measured  values  of  fluorescence 
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FIGURE  4  S  t  Call  points  plo<  the  spectral  iniensiiies  measured  itiicrily 
with  nucleai  xtivaiion  techniques  using  the  parameters  of  Tabic  4  4  i  m 
comparison  to  the  spectrum  computed  with  a  coupled  electron,  photon 
transport  code  for  a  typical  PITHON  shot  Vertical  bars  show  uncenainiy 
in  the  measurement  at  the  one  point  for  which  ihai  uncertainty  was  larger 
than  the  plotted  sire  of  the  symbol 

excited  from  a  single  pulse.  Figure  4.5.3  shows  a  typical  result*  in  comparison  with  a 
calculation  of  the  bremssirahlung  spectrum  from  that  particular  source  on  that  particular 
shot.  Both  measiiremeni  and  calculation  are  absolutes  with  no  free  parameters  to  adjust 
Such  a  direct  measurement  of  the  spectrum  from  a  single  intense  pulse  of  X-ray  coniinua 
had  not  been  previously  possible  because  of  the  lack  of  any  dispersive  media  at  these  energies 
and  the  agreement  with  expectations  is  striking.  The  type  of  selective  excitation  of  calibration 
nuclei  is  now  used  to  establish  the  intensity  of  pump  sources  used  to  excite  actual  laser 
candidates  so  that  fluorescence  efficiencies  can  be  determined  from  data  with  Equations  I 
and  2.  . 

Tempering  expectations  that  these  successes  might  be  readily  extended  to  the  pumping 
of  actual  isomeric  candidates  for  a  gamma-ray  laser  was  a  concern  for  the  conservation  of 
various  projections  of  the  angular  momenU  of  the  nuclei.  Many  of  the  interesting  isomers 
belong  to  the  class  of  nuclei  deformed  fro.'.a  the  normally  spherical  shape.  For  those  systems 
there  is  a  quantum  number  of  dominant  importance,  K,  which  is  the  projection  of  individual 
nucleonic  angular  momenta  upon  the  axis  of  elongation.  To  this  is  added  the  collective 
rotation  of  the  nucleus  to  obtain  the  total  angular  momentum  J.  The  resulting  system  of 
energy  levels  resembles  those  of  a  diatomic  molecule  for  which 

E.{K,J)  =  E.(K) -I-  B.JU  +  I)  (3) 

where  J  K  »  0  and  J  takes  values  |Kl,  |K|  +  I,  |K|  +  2,  .  .  .  In  this  expression  B,  is  a 
rotational  constant  and  E,(K)  is  the  lowest  value  for  any  level  in  the  resulting  “band"  of 
energies  identified  by  other  quantum  numbers  x.  In  such  systems  the  selection  rules  for 
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FIGURE  4  5  4  Diiiied  and  solid  curves  show,  respeciivelyi  ihe  specira  obtained  before  and  after 
dumping  some  of  the  isomeric  '*Ta'  contained  in  a  target  sample  ennehed  to  5%  An  HPGe  detector 
was  used  to  obtain  the  doited  spectrum  before  irradiation  The  feature  at  63  keV  is  from  traces  of 
natural  aciivii)(  m  the  counting  shield  The  solid  curve  is  the  spectral  signature  of  the  radioaciise 
debns  accumulated  by  cascading  from  the  levels  into  which  the  isomenc  population  was  dumped 
The  xiuat  lines  are  the  K  lines  of  hafnium  ansmg  from  electron  capture  by  the  '"Ta  ground  dehns 


electromagnetic  transitions  require  both  jAJ|  s  M  and  |AK|  £  M,  where  M  is  the  mulitpolarity 
of  the  transition. 

In  most  cases  of  interest,  the  lifetime  of  the  isomeric  state  is  large  because  it  has  a  value 
of  K  differing  considerably  from  those  of  lower  levels  to  which  it  would,  otherwise,  be 
radiatively  connected..  As  a  consequence,  bandwidth  funneling  processes  such  as  shown  lo 
the  left  of  Figure  4.S.  I  must  span  substantial  changes  in  AK  and  component  transitions  have 
been  expected  to  have  large,  and  hence  unlikely,  multipolarities.  .  , 

Attempts  to  test  these  rather  negative  expectations  have  generally  been  confounded  by 
the  rarity  of  the  29  candidates  for  a  gamma-ray  laser.  However,  very  recently  there  has  been 
reported*  a  major  success  in  dumping  some  of  the  isomeric  populatioi.  of  one  of  the  actual 
candidates  for  a  gamma-ray  laser. 

Not  a  particularly  attractive  candidate,  a  priori,  '“Ta"  was  the  only  one  for  which  a 
macroscopic  sample  was  available  in  1987.  The  need  to  span  a  formidably  large  AK  =  8 
between  isomer  and  fluorescence  level  supported  little  initial  enthusiasm  for  this  nucleus. 
When  actually  pumped,  however,  it  showed  the  largest  integrated  cross  section  ever  reported 
for  interband  transfer  in  any  material,  4  x  10'”  cm*  eV.  This  is  an  enormous  value  for 
bandwidth  funneling,  being  about  10.000  times  greater  than  wh..'  is  characteristic  of  an 
efficient  nucleus  which  starts  in  the  ground  slate  and  transfers  to  the  isomer  (see,  for  example 
”Se  or  **Br  in  Table  4,5.1).  The  optical  pumping  of  any  isomer  had  never  been  previously 
lepmt^l,  so  nothing  was  available  for  a  more  direct  comparison  with  these  results.* 

The  partial  width  for  absorption  from  '“Ta"  isomer  to  fluorescence  was  measured  to  be 
lAoul  0.5  eV,  a  value  far  exceeding  the  I  peV  usually  offered  as  a  rule  of  thumb  that  would 
limit  the  interband  transfer  of  nuclear  population.  It  is  a  current  speculation  that  collective 
(»cill3ttons  of  the  core  nucleons  break  the  symmetries  of  the  nuclei  and  provide  this  major 
windfall  making  it  easier  to  dump  isomers  by  mixing  single  particle  stales  needed  in  the 
Inuisfer  |xocess.  Much  more  experimentation  will  be  needed  to  identify  whether  this  is  the 
actual  m«:hanism  responsible  and  to  understand  if  the  lessons  taught  by  '“Ta"  are  generally 
ai^licable  in  the  pool  of  candidate  isomers.  Now.  such  experiments  are  facilitated  by  Ihe 
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widths  themselves,  which  have  reduced  the  level  of  effort  to  practical  dimensions.  The 
experiments  with  '"°Ta"'  have  shown  that  clear  fluorescence  signals  can  be  obtained  on  a 
scale  of  illuminating  milligrams  of  material  with  intensities  which  peak  in  time  at  only  a 
few  W/cm',  even  when  integrated  overall  wavelengths.  At  this  level,  meaningful  experiments 
can  be  performed  on  other  candidate  isomers  when  samples  become  physically  available 

Coherent  Pumping  of  Nuclei 

Coherent  pu  nping,  the  technique  depicted  in  the  right  of  Figure  4.S.  I .  depends  upon  the 
alteration  of  the  properties  of  the  isomeric  storage  level  produced  by  the  scattering  of  large 
intensities  of  long  wavelength  radiation  from  the  nuclei!  In  ferromagnetic  and  ferroelectric 
hosts  the  active  nuclei  are  immersed  in  extremely  large  fields  capable  of  developing  sub¬ 
stantial  interaction  energies  across  a  nuclear  volume  when  switched  by  relatively  modest 
applied  fields.  If  transitions  to  the  storage  level  exist  in  the  nuclei  at  energies  comparable 
to  that  of  j  photon  of  the  driving  fields,  the  properties  of  the  other  state  of  the  transition 
will  be  mixed  into  those  of  the  storage  level.  It  is  assumed  that  this  other  state  is  better  able 
to  radiate  gamma  radiation.  While  the  driving  field  need  not  be  precisely  resonant  with  the 
transition  energy,  the  detuning.  AE  from  resonance  must  be  comparable  to  the  interaction 
energy  if  properties  are  to  be  fully  mixed.  In  such  cases.'  the  metastability  of  the  storage 
level  against  gamma-ray  emission  is  switched  off  by  the  admixture  of  propenies  from  the 
other  state  of  the  low  energy  transition  being  dnven.  It  is  this  concept  which  comprises  the 
foundation  of  the  scheme  for  coherently  pumping  a  gamma-ray  laser 
While  precise  computations  of  the  threshold  for  coherent  pumping  are  not  yet  available, 
estimates  from  perturbation  theory’-'®'”  suggest  that  the  threshold  requirements  in  idealized 
cases  are  comparable  to  those  for  incoherent  pumping.  The  principal  difficulty  in  this  case 
is  that,  again,  estimates  are  extremely  sensitive  to  material  specifics.  For  coherent  upcon- 
version  to  be  viable,  a  real  nucleus  must  be  found  with  two  accidentally  degenerate  levels, 
one  being  a  long-lived  isomeric  state.  Such  a  combination  would  be  completely  invisible  to 
current  technioues  of  nuclear  spectroscopy. 


REFERENCES 

!.  BaMwIii,  <b.  C.,  Sokm,  J.  C.,  and  Goidanskii,  V.  I.,  Hrv  Mod  Fhys  .  S3.  687.  1981 

2.  CoHins,  C  B,,  in  Loirr  Ttehniques  for  Eartme  Ultraviolet  Spectroscopy,  Mcllralh.  T.  I  and  Freeman. 
R.  R..  Eds  ,  AIP  Conference  Proceedings  No.  90.  New  York.  1982.  <54 

3.  ColliiH,  C.  B.,  Lee,  F.  W.,  Shemwell,  D.  M.,  DcPaola.  B.  D.,  Olartu,  S.,  and  Pofcscu,  I.  I.,  J.  AppI 
Fhys..  53.  <645.  1982 

4.  Shwr,  T.  'V.,  ReiCtinger,  P.  W.,  and  Collins,  C.  B..  Fhys  Rev  Lett  .  62,  2547,  1989 

5.  Anderson,  J.  A.  and  Collins,  C.  B.,  Rev.  Sci.  /nstrum  .  58  2157,  1987 

6.  Andenoo,  J.  A.  and  Collins,  C.  B.,  Rev.  Sci.  Instrum  .  59,  414.  1988 

7.  Evaluated  I  luclear  Structure  Data  File  (Brookhaveii  Naiional  Laboratory.  Uplon.  New  York.  1986) 

8.  Collins,  C  B.,  Anderson,  J.  A.,  Paiss,  Y.,  Ebcrhard,  C.  D.,  Peterson,  R.  J.,  and  Hodge.  W.  L.. 
Fhys.  Rev.  38.  1852.  1988 

9.  Collina,  C  B.,  Eberhard,  C.  D.,  Glescner,  J.  W.,  and  Anderson,  J.  A.,  Fhys  Rev  37.  2267.  1988 
to.  Collins,  C  B.,  in  Advances  in  Laser  Science-1.  Siwaltey.  W  C.  and  Lapp.  M..  Erls.,  AIP  Conference 

Proceeding!  No.  146,  Dallas,  1985.  40. 

It.  OlariB,  S.  Popesen,  I.,  and  CoUins,  C.  B.,  Fhys  Rev  .  23.  50.  1981 

12.  OUriu,  S.  Popeaen,  I.,  and  Collins,  C.  B.,  Fhys.  Rev..  23.  1007.  1981 

13.  Ikoncn,  E  ,  Hdisto,  P.,  Hietaniemi,  J.,  and  Kalila,  T.,  Fhys.  Rev.  Lett..  60.  643,  1988 

14.  West,  P.  J .  and  Matthias,  E.,  Z.  Fhys..  228,  369.  1978 

15  Coltins,  C  B.  and  OePaob,  B.  D.,  Oprics  Len  .  10.  25.  1985 
16.  DcPaola,  II.  D.  and  Collins,  C,  9.,J.  Opt.  Soc.  Am..  Bl.  812.  1984 


PHYSICAL  REVIEW  C  VOLUME  42,  NUMBER  5  NOVEMBER  1990 

Resonant  excitation  of  the  reaction  '**78  "*(7,  y*)  **®Ta 

C.  B.  Collins.  J.  J.  Carroll.  T.  W.  Sinor,  M.  J.  Byrd,  D.  G.  Richmond,  and  K,  N,  Taylor 
Center  for  Quaniiim  Ekctronics.  The  University  of  Texas  at  Dallas, 

P  O.  Box  lt3068S.  Richardson.  Texas  7S0SS-06hS 

M.  Huber,  N.  Huxel.  P.  v.  Neumann-Cosel,  A.  Richter.  C.  Spieler,  and  W.  Ziegler 
Inslilul  fur  Kernphysik,  Technische  Hochschule  Darmstadt. 

D-6100  Darmstadt.  Federal  Republic  of  Germany 
(Received  17  July  1990) 

Irradiation  with  a  superconducting  linear  accelerator  of  Ta  has  provided  data  for  the  character- 
iiation  of  the  reaction  "'®T8"'(y.x'>'"®Ta,  The  depopulation  of  the  isomer  '""Ta"'  via  an  inter¬ 
mediate  state  or  narrow  band  of  states  near  2.8  MeV  has  been  found  with  an  integrated  cross  sec¬ 
tion  of  1.2* lO"''  cm'  keV  This  large  value  exceeds,  b>  nearly  an  order  0/  magnitude,  known  • 

cross  sections  for  (y.y')  reactions  producing  isomers  of  other  species  Another  intermediate  slate 
or  narrow  band  is  also  indicated  by  the  data  at  an  energy  0.6  MeV  higher 


The  isotope  '*®Ta"'  is  nature’s  rarest  stable  nuclide  ’  be- 
”Tng  only  0.012*1'  of  all  tantalum  and  the  only  naturally 
occurring  isomer.’  However,  the  importarice  of  '"®Ta"' 
lies  not  in  its  rarity  but  in  its  abundance.  The  nucleus 
'*®Ta  sits  somewhat  aside  the  main  path  of  the  .r  pro¬ 
cess*^  for  cosmic  nucleosynthesis  and  the  survival  of  any 
amount  into  current  times  raises  some  difficult  questions 
resulting  from  the  presence  of  the  isomer.  The  ground 
state  of  '*'7a  has  a  half-life  of  only  8. 1  h  while  the  isomer 
has  an  energy  of  75,3  keV  and  a  half-life^  of  1.2*  lO''  y. 
The  branching  of  nucleosynthesis  to  the  ground  and  meta¬ 
stable  states  is  obviously  important,  but  even  after 
creation  populations  may  continue  to  transfer  between 
these  levels  by  photoexcitation,  altering  the  effective  half- 
life  of  the  nucleus  and  the  understanding  of  its  present 
abundance.  Either  this  isomer  must  have  been  sing¬ 
ularly  stable  against  photonuclear  deexcitation, 
'**^a'"(y,y')"'*'Ta  at  the  time  of  creation.’  *  or  the  corre¬ 
sponding  temperatures  must  have  been  too  low  to  produce 
photons  capable  of  pumping  such  a  reaction.’ , 

These  latter  concerns  have  been  aggravated  by  the  most 
recent  experiments.*  Not  only  does  photonuclear  deexci- 
lation  of  '*®Ta”  occur,  the  integrated  cross  section  report¬ 
ed  for  the  process  is  of  unprecedented  size  for  a  (y.y')  le- 
actiott  connecting  ground  state  and  isomer.  However,  that 
result  was  obtained  by  irradiating  an  enriched  sample  of 
••^Ta"*  with  the  bremsstrahlung  continuum  from  a  5  MeV 
linac  and  so  the  energies  of  the  particular  photons  pump¬ 
ing  the  reaction  could  not  be  determined.  Reported  here 
is  the  measurement  of  an  excitation  function  between  2 
and  5  MeV  and  the  discovery  of  a  very  large  integrated 
cross  section  in  excess  of  10  cm^  keV  for  the  deexcita¬ 
tion  of  '"OTa"  by  2.8  MeV  photons. 

The  energy-level  diagram  of  '*®Ta  and  its  daughters  is 
shown  in  Fig.  I,  together  with  a  representation  of  some 
steps  in  the  excitation  and  detection  of  the 
'*®Ta"'(y,/)'*®Ta  reaction.  The  principal  means  for  the 
detection  of  (he  '*®Ta  ground  state  lies  In  observing  the 
Ka  lines  of  its  daughter.  '*®Hr  following  decay  by  electron 
capture.  The  effiaency  for  the  emission  of  Ka  photons 


relative  to  the  number  of  '**73  decays’  is  about  57*7. 

The  time  integrated  yield  of  ground-s’tate  nuclei,  N/  ob¬ 
tained  by  irradiating  ,V,  isomers  with  a  photon  flux  <I>o  in 
photons/cm '  delivered  in  a,  bremsstrahlung  continuum  of 
intensities  up  to  an  end  point  energy  Ea  is, 

A, r^''o(£)F(£-.£o)<f£.  (la) 

where  FiE.E,))  is  the  distribution  of  intensities  within  the 
bremsstrahlung  spectrum  normalized  so  that 

r^V(£.£«)rf£-l  ,  (lb) 

•'O 

and  o(£)  is  the  cross  section  for  the  reaction 


FIG.  I  Schematic  energy-level  diagram  of  '*7a  and  its 
daughters.  Hiilf-lives  are  shown  in  ovals  for  the  ground  and 
isomeric  levels.  Energies  are  in  keV,  The  initial  transition  of 
the.  ( y,  y')  reaction  is  shown  by  the  arrow  pointing  upward  to  the 
intermediate  state  represented  by  the  hatched  line  Cascade 
through  the  levels  of  '""Ta  is  not  known,  but  leads  finally  to  the 
ground  slate,  which  decays  as  indicated  by  the  diagonal  down¬ 
ward  arrows. 
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"'®Ta"'(y,y)  "'Ta  as  a  function  of  the  photon  energy  F. 

All  (y,/)  reactions  below  particle  threshold  energies 
excite  nuclear  bound  states.  Therefore  production  or  de¬ 
pletion  of  isomers  by  these  reactions  proceeds  through  res¬ 
onant  excitation  of  intermediate  stales,  each  with  rather 
narrow  widths.  One  such  channel,  is  showr  in  Fig.  1  at  an 
excitation  energy  of  Fj  ”2.8  MeV. 

The  odd-odd  nucleus  '*''’Ta,  having  a  particularly  high 
density  of  states,  could  have  intermediate  states  lying  at 
high  energies  with  separations  comparahie  to  their  widths, 
in  which  case  the  integral  of  Eq.  (la)  could  then  be 
simplified  no  further.  However,  at  lower  energies  where  a 
discrete  number  of  intermediate  states  contribute,  the 
spectral  intensity  F(E,Eo)  will  vary  little  over  the  narrow 
range  of  energies  for  which  a(E)  is  nonzero  around  each 
of  the  Ej.  Then  the  ground-state  yield,  expressed  as  the 
normalized  activation  per  unit  photon  flux  A,  (Ft,)  pro¬ 
duced  with  bremsstrahlung  having  an  end  point  of  F„  can 
be  written  from  Eq  (l a)  as, 

A,(Eo)=-~“I.(cr)„F(Ej,Eo) .  (2a) 

In  this  expression  (erD,,  is  the  integrated  cross  section  for 
the  production  of  ground-state  Nf  as  a  result  of  the  excita¬ 
tion  of  the  intermediate  state  Fj  with  bremsstrahlung  de¬ 
scribed  by  the  spectral  function  F(E.E»).  t  'hat 

(ar),j  )dE  .  (2b) 

where  A  is  an  energy  small  compared  to  the  spacing  be¬ 
tween  intermediate  states  and  large  in  comparison  to  their 
widths.  Levels  of  this  type  are  sometimes  called  gateways 
or  doorways.  The  integrated  cross  sections  for  such  levels 
can  be  evaluated  with  the  residue,  R,\t(Eo)  obtained  by 
subtracting  the  contributions  to  A/  from  excitations 
through  M  intermediate  states, 

f?M(£o)-/</(£o)-  2  (oD/, £(£,,£(,).  (3) 

t/  I 

A  change  of  the  end  point  energy  £o  of  the  bremstiah- 
lung,  as  well  as  altering  <t>o.  modulates  the  spectral  inten¬ 
sity  function  £(£y,£o)  at  all  of  the  important  energies  for 
resonant  excitation,  Ej.  The  largest  effect  occurs  w  hen  £o 
is  increased  from  a  value  just  below  some  intermediate 
state  at  £y”£*  to  one  exceeding  it  so  that  £(£*,£o) 
varies  from  zero  to  some  finite  value. 

Early  work'®  on  (y,/’)  reactions  showed  that  a  piot  of 
activation,  A/iEo)  as  a  function  of  bremsstrahlung  end 
point,  £o  displayed  very  pronounced  activation  edges  at 
the  energies,  £y  corresponding  to  the  resonant  excitation 
of  new  intermediate  states.  Unfortunately,  such  an  exci¬ 
tation  function  was  not  reported  previously*  for  the  reac¬ 
tion  '*®Ta"'(y,y')'*®Ta,  so  the  question  was  unresolved  as 
to  whether  or  not  the  extraordinary  size  found  for  the  in¬ 
tegrated  cross  section  (oD  was  the  result  of  many  smaller 
(ar)fj  summing  to  a  large  value  as  suggested  by  Eq.  (2a). 
At  the  time  of  that  experiment  there  was  no  source  of 
bremsstrahlung  with  a  variable  end  point  and  enough  in¬ 
tensity  to  provide  significant  excitation  of  samples  avail- 
able  in  such  minute  amounts  as  '*®Ta"'. _ 


In  the  work  reported  here  bremssirahlung  was  obtained 
from  a  Ta  converter  foil  irradiated  by  the  electron  beam 
from  the  injector  of  the  130  MeV  superconducting 
Darmstadt  linear  accelerator  (5-DALINAC)  at  the 
Technische  Hochschule  Darmstadt."  The  electrons  were 
accelerated  in  three  superconducting  cavities  in  which  the 
continuous  wave  rf  amplitudes  were  varied  to  change  the 
electron  energy  (here  in  the  range  from  2  to  5  MeV).  The 
diameter  of  the  electron  beam  was  about  2  mm  and  this 
and  other  beam  parameters  were  monitored  and  kept  con¬ 
stant.  Uncertainty  in  the  end  point  was  less  than  50  keV. 

The  numbers  of  final-state  nuclei  A'/  were  obtained  in 
these  experiments  by  detecting  signature  photons  with  a 
Ge(Li)  spectrometer.  Counts  in  the  appropriate  channels 
were  corrected  for  the  finite  durations  of  both  irradiation 
and  counting,  for  the  absolute  counting  efliciency  of  the 
spectrometer,  for  the  emission  intensity  relative  to  the 
parent,  and  for  the  opacity  of  the  experimental  sample  to 
the  escape  of  signature  photons.  The  latter  factor  was  cal¬ 
culated  with  a  Monte  Carlo  code. 

Samples  used  in  the  experiments  for  the  decxcitation  of 
isoTa'"  were  disks  3.8  cm  in  diameter  and  127  /rm  thick. 
The  material  was  99.95%  pure  tantalum  and  contained 
"'"Ta"'  in  its  natural  abundance.  Irradiations  were  made 
for  a  nominal  4  h  period  at  a  beam  current  of  20  yj.A.  The 
actual  charge  oassed  to  the  bremsstrahlung  converter  was 
determined  by  digitizing  the  current  and  numerically  in¬ 
tegrating  it  during  the  irradiation  interval.  Planchettes 
containing  nominal  amounts  of  2  g  of  SrF;  in  natural  iso¬ 
topic  abundances  were  concurrently  exposed  in  contact 
with  the  Ta  foils  for  calibration  purposes.  Fourteen 
different  end  points  of  the  bremsstrahlung  were  arranged 
to  span  the  interval  from  2  to  5  MeV. 

The  evaluation  of  /4/(£o)  in  Eq.  (2a)  requires 
knowledge  of  the  particular  spectral  intensity  functions, 
£(£,£o).  together  with  the  photon  flux,  <l>o.  incident  on 
each  sample  position.  These  were  calculated  for  the 
different  end  point  energies.  £o  with  the  established  ECiS4 
coupled  electron-photon  transport  code  developed  at 
SLAC. '■  Verification  of  the  calculated  values  of  flux 
could  only  be  obtained  by  the  reaction  *’Sr(y,y')*’Sr"'. 
This  has  been  distinguished  in  the  literature'®  by  the 
comprehensive  report  of  its  excitation  energies  Ej  and  in¬ 
tegrated  cross  sections  (ar)„,;  for  production  of  metasta¬ 
ble  states  at  energies  below’  3  MeV  and  therefore  serves  as 
a  benchmark  for  the  analysis  of  these  experiments. 

The  dependence  of  the  values  of  A/iEo)  for  *^Sr'’'  upon 
the  bremsstrahlung  end  point  was  determined  from  the 
measurements  of  its  388.4  keV  decay  signature  fluores¬ 
cence.’  The  dominant'®  activation  edge  near  2.67  MeV 
was  well  reproduced.  The  residue  R}(Eo)  was  computed 
for  the  three  intermediate  state  locations  indicated  in  Ref 
10,  leaving  their  integrated  cross  sections  variable.  The 
values  of  integrated  cross  sections  best  describing  the  data 
are  shown  in  Table  1.  Below  4  MeV,  the  results  of  this 
work  are  in  remarkable  agreement  with  the  previous  mea¬ 
surements  and  thus  verify  the  calculations  of  £(£,£o). 

The  increase  of  residues  above  4  MeV  suggested  the  im¬ 
portance  of  anoth'.r  intermediate  state.  The  final  entry  in 
Table  I  records  the  integrated  cross  section  found  to  be 
^sufficient  to  describe  obseryations  of  /4/(£q)  oyer  the  en- 
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TABLE  I.  Values  of  integrated  cross  section  (ar)i,  for  the 
reaction  *’Sr()',y')''’Sr"'  through  gateway  states  indicated  hy 
the  measured  excitation  function.  The  gateway  excitation  ener¬ 
gies  E,  for  levels  in  Ref.  10  are  given  at  the  previously  deter¬ 
mined  locations.  The  energy  of  the  new  state  indicated  hy  this 
work  is  given  at  the  centroid  of  the  appropriate  spectral  bin. 


Energy  (MeV) 

onxIO'-* 
Ref.  10 

cm’keV) 

This  work 

1.22 

85+4-3 

8.5  ±2 

1.88 

16+8-5 

I6±4 

2.67 

380  +  200-100 

430  ±50 

4.3  ±0.1 

1 500  ±  300 

ergy  range  up  to  5  MeV. 

The  thermal  and  fast  neutron  fluxes  in  the  irradiation 
environment  were  measured  by  standard  techniques”  and 
were  found  to  give  negligible  contributions  to  the  excita¬ 
tion  function  for  *’Sr. 

The  depopulation  of  was  examined  by  observa¬ 

tion  of  the  Hf  K  x-ray  signatures  from  ”'*Ta  ground-state 
decay.  Background  subtracted  spectra  of  the  data 
corrected  for  counting  times  shown  in  Fig.  2  clearly 
display  the  lowest  energy  activation  edge  for  the  reaction 
'*“Ta"'(y.y')'*'*Ta. 

Figure  3(a)  plots  the  values  of  A/iEoi  obtained  in  this 
work  for  the  deexcitation  reaction  ‘'*,"Ta"'(y.  y')  '"‘’Ta  and 
shows  the  dependence  associated  ”  with  the  increase  of  Fo 
above  an  intermediate  state.  The  measured  excitation 
strictly  excludes  broad  band  photoabsorption  such  as  due 
to  the  density  of  states  or  the  tail  of  the  giant  dipole  reso¬ 
nance.  which  must  contribute  a!  least  a  constant  integrat¬ 
ed  cross  section  in  each  spectral  bin  above  2.8  MeV,  The 
properties  of  the  lowest  energy  intermediate  state  are  the 
most  important  to  the  question  of  the  survival  of  "*0Ta"' 
during  cosmic  nucleosynthesis.  A  strong  level  or  narrow 
band  of  states  near  2.8  MeV  can  be  rather  well  deter¬ 
mined  by  the  data.  ” 

Figure  3(b)  shows  the  residue  computed  from  Eq.  (3) 
with  .W”2  to  remove  the  contribution:,  from  the  two 
lowest  intermediate  states  or  narrow  bands  observed  in 
this  work.  The  values  of  integrated  cross  section  we  found 
for  deexcitation  through  these  levels  are  shown  in  Table 


Energy  (keV) 

HG.  2  Spectra  of  Huorcsceni  photons  from  '*"Ta  decay  after 
irradiation  with  brenisstrahlung  having  the  end  point',  shown 
The  counting  rate  from  an  unevpased  sample  has  hcen  suhir.icl- 

cd.  . .  '  .  ' 


II, 

It  is  important  to  consider  some  likely  contaminants  to 
these  data.  Neutron  capture  is  not  possible  since  the 
analogous  parent  '  ‘’Ta  does  not  exist  naturally,  .-klsii. 
photodissociation  of  ’"'Ta  can  produce  some  ""'Ta^’,  but 
the  threshold  for  this  process  is  7.576  MeV.  The  remain¬ 
ing  reaction  to  consider  is  '’''Ta(n,y)'''’Ta.  leading  to 
"*'W  with  a  characteristic  x-ray  which  could  contribute  to 
the  brqad  structure  attributed  to  Hf  Ao  in  Fig.  2.  Howev¬ 
er.  the  1 15  d  half-life  of  "‘•'Tu  made  possible  delayed  mea¬ 
surements  uncontaminated  by  ""’Ta'.  These  showed, 
even  at  the  highest  end  point  of  5  MeV,  null  results  and 
indicated  that  no  contamination  could  have  occurred  from 
this  process. 

The  results  of  this  work  are  in  close  agreement  with  the 
previous  measurements*  indicating  an  integn>’.ed  cross 
section  for  "'®Ta"'(y,  y')'"’Ta  of  extraordinary  si/e. 
However,  it  is  now  possible  to  report  the  excitation  energy 
for  the  lowest  strong  level  for  the  deexcitation  of 
at  2.8  MeV.  The  corresponding  value  of  the  integrated 
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FIG.  3,  (a)  Linear  plot  of  activation  X/ffo)  for  '""Ta  as  a  function  of  the  bremsstrahlung  end  point.  <b)  Residue  computed  from 
Eq.  (3)  after  removing  the  contributions  from  the  two  lowest  energy  gateways  for  deexcilation  using  parameters  recorded  in  Table  II 
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TABLE  11.  Values  of  integrated  cross  section  (oP),,  for  the 
-  reaction  '"‘Ta"'(r.)'')'’'"Ta  through  gateway  states  indicated  by 
the  excitation  function  of  Fig.  3(a)  The  gateway  exsyiation  en¬ 
ergies  E,  for  these  levels  are  given  at  the  centroid  oTthe  ap¬ 
propriate  spectral  bins 


Energy  (MeV) 

<Tr(  X  10  ^m’ keV) 

2.8  ±0  1 

I200()±2000 

3.6  ±0  1 

35000  ±5000  ' 

cross  section  is  1.2x  10  cm’keV'and  is  the  largest  ever 
reported  for  a  (y.  y')  reaction  connecting  a  ground  state 
and  an  isomer  at  energies  below  the  threshold  for  the  eva¬ 
poration  of  neutrons.  Notwithstanding  the  singular  mag¬ 
nitude  of  this  cross  section,  the  state's  energy  for  phoio- 
deexcitation  of  "'"Ta"'  is  just  high  enough’  to  insure  the 
survival  of  this  nucleus  in  the  stellar  environment  and 
current  models  of  cosmic  nucleosynthesis  are  sustained. 

The  nuclear  structure  of  these  intermediate  states  for 
this  well  deformed,  odd-odd  nucleus  also  presents  an  in¬ 
teresting  problem.  The  extraordinary  AA'^8  needed  to 


reach  the  '*‘’Ta  ground  state  implies  considerable  K  mix¬ 
ing  of  these  levels,  A  possible  scheme  which  explains  the 
large  upward  transition  probability  and  the  sudden  onset 
of  the  depopulation  would  be  as  follows:  At  low  energies, 
numerous  A'-allowed  transitions  can  be  constructed  from 
the  Nilsson  model  states  of  the  unpaired  proton  and  neu¬ 
tron.  Here.  K  mixing  is  small  and  the  slates  will  entirely 
decay  back  to  the  isomer.  In  the  simple  Nilsson  model  a 
few  levels  with  AA”0. 1  with  respect  to  the  isomer  are 
possible  at  energies  near  3  MeV  which  can  be  excited  by 
enhanced  E  I  transitions  Due  to  the  high  level  density  of 
'"“Ta.  large  K  mixing  would  then  result  in  depopulation  of 
the  isomer  to  the  ground  state.  A  detailed  analysis  of  this  ’ 
process  is  currently  underway. 
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Photoexcitation  of  the  long-lived  isomers  '’’Te''',  T, ,,  =  1 19.7  d,  and  '-‘Te'",  T,,;  =58  d.  was  pro¬ 
duced  with  bremsstrahlung  from  the  superconducting  Darmstadt  linear  accelerator.  The  excitation 
function  for  the  reaction  '■'Tet}',)'')''’Te"’  was  measured  between  2  and  6  MeV.  It  indicated  that 
the  isomer  was  ^ropulated  by  resonant  absorption  through  isolated  intermediate  states  having  in¬ 
tegrated  cross  sections  in  excess  of  10  cm’  keV.  i.e.,  values  about  KX)  times  larger  than  most 
ly.y'l  activation  reactions  reported  previously.  An  excitation  function  was  also  obtained  for  the  re¬ 
action  ‘'"Tet  y.y'l'-'Te"’  in  this  energy  range. 


INTRODUCTION 

It  has  been  recently  discovered'  that  the  reaction 
"*'Ta"'(3'.}''l"‘"Ta  occurs  with  an  integrated  cross  section 
that  is  orders  of  magnitude  larger  than  what  could  have 
been  reasonably  expected.  At  energies  below  the  thresh¬ 
old  for  neutron  evaporation  the  photoexcitation  of  iso¬ 
mers  is  usually  characterized  by  values  of  10  10  ’’ 

cm’keV.  Although  the  inverse,’ deexcilation  of  an  isomer 
had  not  been  previously  observed,  there  was  no  a  priori 
reason  to  expect  it  to  be  more  probable,  particularly  since 
the  transition  requires  a  spin  change  of  A/f  =8.  Of  con¬ 
siderable  astrophysical  significance,’  ’  the  result  reported 
for  "“’Ta"' approached  10  •^cm'  keV  and  raiseu  some  in¬ 
teresting  questions  of  nuclear  structure.  It  also  provided 
unexpected  encouragement  of  schemes  for  pumping  a  y- 
ray  laser  that  would  depend  upon  the  sudden  deexcitation 
of  isomeric  populations. '' 

Whether  the  deexcitation  of  "“'Ta"’  was  an  isolated  ex¬ 
ample  limited  to  odd-odd  nuclei  with  a  high  density  of 
^states  was  considered  in  two  subsequent  studies.  In  the 
'•’first  the  excitation  function  for'’ "‘'^a"'(.y,y')''‘'’Ta  was 
measured  with  a  bremsstrahlung  source  by  varying  the 
end  point  of  the  spectrum.  It  was  found'  that  the  (y,y') 
reactions  of  occurred  for  two  discrete  excitation 

energies  of  2.8  and  3.6  MeV  with  integrated  cross  sec¬ 
tions  of  1.2 X 10' and  3.5  X  !0  ■'  cm’  keV,  respectively. 
The  high  density  of  excited  nuclear  states  seemed  to  play 
no  particular  role. 

In  the  second  experiment*  19  isomers  were  excited 
with  the  bremsstrahlung  spectra  from  four  different  ac; 
celerators.  Despite  the  relatively  coarse  mesh  of  energies 
at  which  end  points  could  be  set  between  0.5  and  1 1 
MeV,  several  isomers  were  excited  through  integrated 


cross  sections  that  were  surprisingly  large  at  4  MeV.  One 
curiosity  was  the  first  report  of  the  photoexcit’Uion  of 
Il9.7d,  '’’Te'",  the  longest-lived  isomer  ever  populated 
by  (}'.)'')  reactions  and  one  of  the  candidate  nuclides  for 
a  y -ray  laser.  This  is  a  fairly  light  nucleus  having  no  par¬ 
ticularly  high  density  of  states.  Also,  there  is  little  e.vpcr- 
imental  or  theoretical  information  on  electromagnetic 
transitions  between  e.xcited  levels  in  '’’Te  above  I  MeV. 

It  was  the  purpose  of  the  experiment  described  in  this  , 
Brief  Report  to  measure  the  excitation  function  for  both 
'■'Te'"  and  '’’Te"'.  Exploiting  the  precision  with  which 
the  end  poirtts  of  the  spectra  could  be  set  between  2  and  6 
MeV,  the  (y,y')  reactions  were  fourid  to  occur  through 
relatively  few  gateways  with  large  integrated  cross  sec¬ 
tions  approaching  10  ■‘cm’keV. 

EXPERIMENTAL  ANALYSES  AND  RESULTS 

Elemental  tellurium  samples  were  used  in  this  study, 
and  all  isotopes  were  present  in  their  natural  abundances. 
Nominal  amounts  of  17  g  were  contained  in  plastic  'Del- 
rinl  cylinders  with  outer  diameters  of  3.8  cm  and  heights 
of  1.5  cm.  Calibration  targets  were  fashioned  from  iden¬ 
tical  containers  holding  about  2  g  of  99.9993-  pure  SrF-. 

Its  use  in  calibrating  bremsstrahlung  spectra  has  been  re-  • 
cenlly  emphasized.'  * 

Isomeric  populations  were  produced  by  exposing  the 
targets  to  bremsstrahlung  from  a  3-mm  tantalum  con¬ 
verter  foil  irradiated  by  the  electron  beam  from  the  injec¬ 
tor  of  the  new  130-MeV  S-DALINAC  at  the  Technische 
Hochschule  Darmstadt.  Electron  energies  were  varied 
between  2  and  6  MeV  with  a  typical  step  size  of  250  keV. 
These  electron  energies  were  measured  with  an  accuracy 
of  50  keV  before  and  after  each  exposure.  The  diameter 
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of  the  beam  at  the  converter,  typically  2  mtn,  was  also 
monitored.  At  each  end  point  a  sample  stack  of  telluri¬ 
um  and  strontium  was  irradiated  axially  in  close  proximi¬ 
ty  to  the  converter.  The  proper  alignment  of  the  beam 
was  achieved  by  maximizing  the  dose  delivered  to  a  re¬ 
mote  ionization  chamber  shielded  to  sample  only  the  cen¬ 
tral  12  mrad  of  the  bremsstrahlung  cone.  Variations  in 
all  beam  parameters  were  recorded  during  the  experi¬ 
ments.  In  particular,  the  charge  passed  to  the  converter 
was  determined  by  digitizing  the  current  and  integrating 
it.  Exposures  were  typically  4  h  in  duration  for  a  beam 
current  of  about  20 /I  A . 

The  numbers  of  isomers  produced  by  these  irradiations 
were  determined  from  the  counting  rates  measured  in  dis¬ 
tinctive  fluorescence  lines.  The  transitions  responsible 
for  the  y-ray  signatures  used  in  these  measurements  are 
indicated  by  bold  arrows  in  the  energy-level  diagrams  of 
Figs.  1(a)  and  libi. 


FIG.  1.  Schematic  energy-level  diagrams  for  (a)  '’'Te  and  (b) 
‘s‘Te“  Half-lives  of  the  isomers  are  shown  in  the  ovals,  and  the 
energies  of  the  levels  shown  are  given  in  keV.  The  bold  arrows 
show  the  transitions  which  give  rise  to  distinctive  y-ray  emis¬ 
sions  measured  in  this  work.  The  dashed  arrows  indicate  transi¬ 
tions  which  are  not  directly  observed. 


After  irradiation  the  tellurium  samples  were  transport¬ 
ed  to  the  Center  for  Quantum  Electronics,  University  of 
Texas  at  Dallas,  where  high-resolution  spectra  were  col¬ 
lected  with  an  HPGe  detector.  An  example  of  the  data 
obtained  with  a  6-VIeV  exposure  is  shown  in  Fig  2.  The 
fluorescence  peak’'  at  159.0  keV  from  the  decay  of  '-'Te'” 
is  apparent,  and  even  the  y  rays  from  the  strongly  con¬ 
verted  transition  of  '-'Te'"  at  35.5  keV  are  clearly  visible. 

Because  of  the  shorter  isomeric  lifetimes  the  SrF,  cali¬ 
bration,  samples'*’  were  counted  on  site  with  a  Ge(Li) 
detector  to  measure  the  yield  of  ''Sr'".  This  i.somer  has  a 
half-life  of  2.8  h  and  a  fluorescence  signature  at  388.4 
keV.  The  raw  number  of  counts  in  each  peak  was 
corrected  for' the  finite  durations  of  exposure  and  count¬ 
ing,  the  absolute  counting  efficiencies  of  the  detectors, 
and  the  relative  emission  intensity.  The  opacity  of  the 
samples  to  the  escape  of  the  signature  y  rays  was  com¬ 
pensated  by  a  factor  calculated  with  a  Monte  Carlo  code 
for  each  detector  geometry. 

The  experimentally  measured  yield  of  isomers,  S ^  re¬ 
sulting  from  the  irradiation  of  A'j  ground-state  nuclei 
with  bremsstrahlung  is  given  analytically  by 


,d<l>(£) 


where  Eq  is  the  end-point  energy,  d<t>(E)/dE  is  the 
time-integrated  spectral  intensity  in  cm'’keV  '  of  the 
photon  field,  and  ct(£)  is  the  cross  section  in  cm^  for  the 
reaction.  The  spectral  intensity  is  conveniently  expressed 
as  the  product  of  a  flux  of  all  photons  above  a  cutoff  ener¬ 
gy  Ec  of  1  MeV,  <1>Q  incident  on  the  target,  and  a  relative 
intensity  function  F{E,Eq),  which  is  normalized  accord¬ 
ing  to  . 

f/'>(£:.£„)rf£  =  l  .  (2) 

Equation  (2)  allows  the  definition  of  a  normalized  yield, 
or  activation  per  photon,  Aj{E„)  given  by 

A, 

L  (z(£)£(£.£„)cf£  .  (3) 


FIG.  2.  Pulse-heighi  spectrum  obtained  from  a  tellurium 
sample  after  a  6  MeV  end-point  irradiation.  Peaks  not  explicit¬ 
ly  marked  are  due  to  counting  chamber  background.  . 
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Plots  of  this  quantity  as  a  function  of  E,,  give  the  excita¬ 
tion  functions  for  '•'Te*  and  '-'Te''  shown  in  Figs.  .3(al 
and  3(b).  This  normalization  makes  these  curves  relative¬ 
ly  insensitive  to  variations  in  isomeric  population  that 
occur  simply  because  all  the  intensities  increase  when  the 
end  point  is  raised.  Instead,  their  appearance  is  primarily 
determined  by  the  density,  location,  and  integrated  cro.s 
sections  of  the  states  mediating  the  reactions. 

Calculated  spectra  of  both  4»„  and  FlE.i',,!  were  ob¬ 
tained  from  the  EGS4  electron-photon  transport  code 
developed  at  SLAC.”  This  Monte  Carlo  program  is  well 
established  in  the  medical  physics  community,  and  its 
general  validity  has  been  demonstrated  elsewhere. "  In 
this  work  confidence  in  the  calculated  photon  spectra  was 
maintained  by  calibrating  them  with  the  reaction 
*’Sr(}',)'')*’Sr'"  as  discussed  in  Ref.  5. 

At  energies  of  interest  in  these  e.xperiments,  gateways 
have  widths  that  are  small  in  comparison  to  their  spac- 
ings,  and  Eq.  (3)  reduces  to  a  summation,  giving 

^/<£o>=  2 I  .  (4) 

I 

where  is  the  integrated  cross  section  and  is  the 

excitation  energy  of  the  yth  intermediate  state  feeding  the 
isomer.  It  is  then  possible  to  define  a  quantity 


Endpoint  Energy  (MeV) 

FIG.  3.  Linear  plots  of  yield  normalized  to  the  flux  calculat¬ 
ed  for  a  low-energy  cutoff  of  I  MeV  as  functions  of  bremsstrah- 
lung  end-point  energy  for  (a)  '’Te  and  (bl  '"Te.  Where  no  er¬ 
ror  bars  are  shown,  statistical  e,-rors  are  comparable  to  the  sym¬ 
bol  size.  Error  bars  shown  without  symbols  in  lb)  represent 
upper  bounds  on  the  activation  where  fluorescence  was  not  ob¬ 
served  above  the  level  of  background.  Dotted  curves  plot  the 
values  calculated  from  the  model  of  Eq.  (41  using  the  results  of 
Table  I.  The  locations  of  the  gateways  determined  in  this  work 
are  indicated  by  the  large  arrows  whose  widths  represent  the 
available  experimental  resolution. 


which  represents  the  residue  of  activation  after  subtract¬ 
ing  coiitrihulionv  from  the  M  lowest-lying  intermediate 
states; 

R  E„ ) ,-l ,  I  E„  t  -  2  ‘ "  r  >',,  f  { F, .  F,,  I  .  tS) 

I  i\ 

where  E^  is  the  resonance  energy  of  the  highest-lying  in¬ 
termediate  Slate  contributing.  Fitted  values  of  the  in¬ 
tegrated  cross  sections  (trf  were  found  by  minimizing 
R  v,(£q)  for  the  lowest-energy  state  giving  a  break  in  the 
excitation  function,  and  then  iterating  after  including  any 
new  gateways  suggested  by  the  data.  In  the  case  of  •’Sr, 
the  calibration  procedures  described  earlier*"  were 
confirmed  in  the  present  work  as  a  test  of  confidence. 
Th's  provided  experimental  validation  ui  the  calculated 
photon  spectra  as  well  as  confirming  the  experiniental 
practice.  . 

An  identical  analysis  for  '''Te"’  was  based  upon  the  ex¬ 
citation  function  of  Fig.  .3(ai.  The  pronounced  increase  in 
yield  beginning  near  3  MeV  indicates  the  location  of  an 
intermediate  slate,  while  the  low  level  of  activation  below 
this  energy  suggests  the  participation  of  smaller  gateways 
having  F,  <  2  MeV.  The  number  and  location  of  these 
lower-energy  slates  could  noi  be  determined  in  the 
current  work;  nor  does  the  literature  provide  any  infor¬ 
mation.  It  was  found  that  a  single  state  near  1  MeV  with 
an  integrated  cross  section  of  (60  *  201X10  cnr'keV 
could  give  the  aciisation  observed  below  3  MeV.  but  this 
assignment  is  not  unique.  The  possible  variations  arc  in¬ 
dicated  in  Table  I  and  do  not  significantly  conirib  lic  to 
the  uncertzinties  reported  for  the  other  gaiow.ivs  l\ine 
this  hypothetical  sta.te  to  remove  the  b.iv  ^l■.c  yield,  the 
residue  R  ;(F||i  indicated  two  strong  g.i!-  >s  syv  .it  2  K  ami 
4.2  MeV.  The  fitted  ((zDI^  correspoiHliiig  to  these  states 
are  given  in  Table  I  and  are  much  larger  than  the  base¬ 
line  slate  at  I  MeV.  'These  values  were  determined  to 
within  the  uncertainties  explicitly  shown  in  Table  1. 

The  excitation  function  obtained  for  population  of 
'■■Te'"  provided  less  detail,  but  the  data  of  Fig.  .^ib*  were 
still  consistent  with  an  intermediate  state  located  between 
4.2  and  4.5  MeV,  as  given' in  Table  I. 

Because  of  the  low  (j'.nl  threshold  of  the  naturally 
occurring  component  f  the  deuterium  in  the  plastic  sam¬ 
ple  containers,  it  was  necessary  to  evaluate  the  effects  of 
all  neutrons  produced  in  the  irradiation  environment. 


TABLE  1.  '^alues  of  fitted  integrated  cross  sections  (<?r  e  for 
gateway  state.s  determined  from  the  excitation  functions  of  Figs. 
3(a)  and  3(b)  for  the  (y,)'')  reactions  populating  the  isomers 
'‘Te"  and  *^Te".  The  gateway  excitation  energies  for  these 
levels  are  given  at  the  centroid  of  the  appropriate  experimenial 
bins. 


Isotope 

Gateway  energy  IMeVi 

(crD*  (10  cm'keVi 

'-Te 

l.0±0.5 

<60*  20 

2.8±0.2 

2000±300 

4.2±0.2 

7(XX)  1 1000 

'JTe 

4.2-4.5 

7000+  3000 

900 
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The  neutron  flux  was  measured  with  standard  actuation 
techniques''  by  the  inclusion  of  indium  foils  in  the  target 
stacks  Each  disk  was  0.0127  cm  thick  with  a  diameter  of 
3.8  cm  and  a  mass  of  about  1  g.  Epilhermal  neutrons 
were  observed  bv  detection  of  the  4lf).92-keV  fluores¬ 
cence  from  :he  54  I5  min  isomer  of  "'Tn,  which  is  pro¬ 
duced  through  neutron  capture  from  the  stable  "'in.  At 
the  highest  photon  end  point  of  h  MeV,  there  were  found 
to  be  only  0  87^005  neutrons  cm  's  and  this  flux  de¬ 
creased  smoothly  to  zero  as  the  end  point  was  lowered  to 
she  deuterium  threshold  of  2.22  MeV.  This  low  lev¬ 
el  of  epilhermal  neutron  flux  produced  negligible  contri¬ 
butions  to  the  yields  of  '  '-'Te"'  and  *  Sr  ".  The  appear¬ 
ance  of  thermal  ntulrons  was  nol  expected  because  of  the 
lack  of  sufficient  moderators  in  the  environment.  1  he  use 
of  photon  energies  b  iow  the  thresholds  of  all  target  and 
environmental  material',  excluded  fast  neutron  produc¬ 
tion. 

CONCI.rSIONS 

The  excitation  fun  .  i ions  obtained  in  this  work  for  the 
population  of  the  isomers  '-'Te'"  and  '''Te"  indicate  that 
their  phoioexcilaiion  proceeds  through  absorption  by  iso¬ 
lated  intermediate  slates.  No  consistent  description 
could  be  obtained  by  assuniing  absi'rption  through  dense- 
'ly  spaced  levels  which  wnuld  have  provided  broadband 


absorption.  The  integrated  cross  sections  determined  for 
these  states  are  about  1(X)  times  larger  than  most 
activation  reactions  reported  previously,  being  in  excess 
of  10  cm'keV.  Moreover,  they  are  only  an  order  of 
magnitude  smaller  than  those  determined  in  earlier  mea¬ 
surements'  '  for  the  depopulation  of  ""Ta"'.  Clearly  ,  fur¬ 
ther  investigations  of  the  systeniatics  of  isomeric  pho- 
toexcilalion  arc  needed  in  the  range  between  2  MeV  and 
l)',/i)  threshold  energies  in  order  to  isolate  the  principal 
cause  of  the  large  photoexcitation  rates  being  found.  Ex¬ 
perimental  studies  of  a  variety  of  different  isomeric  nuclei 
are  currently  underway  to  examine  these  questions.  It 
would  also  be  of  great  interest’  to  have  nuclear  structure 
calculations  illuminating  the  nature  of  the  particular  in¬ 
termediate  states  through  which  the  photoabsorption 
occurs 
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Pholoescilatioii  of  ihe  isomers  of  IP  nuclides  uas  examined  in  this  xxork.  Four  accelcralors  vxerc 
used  as  sources  of  bremssirahlung  lo  expose  Ihe  samples  and  end-poinl  energies  coxered  ihc  range 
from  0.5  lo  II  MeV.  No  evidence  «as  found  for  nonresonanl  processes  of  excilalion  However, 
more  ihan  half  ihe  cases  showed  enhanced  channels  for  the  resonant  phoiocxcilalion  of  isvvmers 
with  miegraled  cross  sections  approaching  10  *'  cm'  keV  These  results  are  three  to  four  orvicrs  of 
magnitude  larger  than  values  usualh  characleri/ing  tj'.;''!  reactions. 


INTRODLCTION 

Because  the  photon  carries  relatively  little  momentum. 
ly.I'*)  reactions  must  proceed  through  resonant  channels 
for  excitation  with  rather  narrow  widths.  This  aspect 
distinguishes  photoexcitation  from  related  processes' such 
as  (y.n).  The  generation  of  an  additional  particle  with 
which  to  conserve  momentum  provides  a  threshold  of  en¬ 
ergy  above  which  e’I  incident  photons  can  mediate  the  re¬ 
action.  This  facili'ates  the  study  of  processes  such  as 
(y,n)  by  increasing  product  yields  and  richly  detailed  re¬ 
sults  have  been  reported  in  the  literature.'  In  contrast, 
the  difficulties  in  exciting  the  narrow  resonances  for 
Cy.y'l  reactions  have  inhibited  investigations  and  rela¬ 
tively  few  results  have  been  published  in  the  past  50  years 
over  which  such  processes  have  been  know  n.’' ' 

In  the  region  of  energies  from  0.1  to  10.0  MeV  photon 
sources  emit  continuous  spectra  and  the  opportunity  to 
probe  Cy,y')  reactions  with  a  tunable  source  of  narrow- 
width  does  not  exist  at  practical  levels  of  intensity.  Even 
experiments  designed  to  use  y  sources  are  actually  done 
with  continua  because  of  the  degradation  of  the  line  spec¬ 
tra  by  Compton  scattering  in  the  real  geometries  em¬ 
ployed. 

The  most  tractable  (y.y'l  reactions  for  study  are  those 
for  the  photoexcitation  of  isomeric  states.  The  product 
lives  long  enough  to  be  readily  examined  after  termina¬ 
tion  of  the  input  irradiation.  The  archetypical  case  has 
been  the  reaction  '"Cdfy,y'l'"Cd'”  exciting  the  48.6 
min  isomer.  Three  of  the  most  recent  measurements  of 
the  integrated  cross  section  of  were  conducted  in  1979, 
1982,  and  1987  with  results  of  35,  5.8,  and  14  as  reported 
in  Refs.  4-6,  respectively,  in  the  usual  units  of  10“  •'*  cm* 
keV.  Probable  errors  were  quoted  as  varying  only  from 
7%  to  14%  and  yet,  no  two  of  the  measurements  were 
even  within  a  factor  of  2  of  each  other.  This  discrepancy 
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led  to  the  curious  suggestion'  that  some  unknown  mecha¬ 
nism  for  nonresonanl  nuclear  absorption  generally  dom¬ 
inates  the  excitation  step,  ^hhough  fundanienlal  con¬ 
siderations  insist  that  for  energies  below  the  ihr-csholds  of 
neutron  evaporation  all  '■,’.y'l  reactions  must  first  excite 
bound  nuclear  states,  the  belief  continued  to  spread  that 
nonresonant  processes  were  involved.  The  ly-y'>  reac¬ 
tions  of  "  ’in,  "  Sr,  and  ''“Ta"'  were  all  subsequently  attri¬ 
buted  to  the  unidentified  nonresonant  process.'  " 

Recently,  the  technology  has  become  available“  to 
measure  the  spectrum  of  a  source  of  pulsed  bremsstrah- 
lung,  together  with  greatly  improved  computer  codes"  '* 
with  which  to  calculate  spectra  for  realistic  geometries. 
These  advances  made  it  possible  to  resolve'"  the  persist¬ 
ing  controversies  in  the  reaction  "*Cd(y,y')'"Cd'’'.  as 
well  as  those'^  in  "'ln(  y,y’)"'ln"'.  As  expected,  it  was 
found"  '■*  that  both  "'in'"  and  "'Cd'"  were  excited  by 
resonant  absorption  through  intermediate  gateway  states 
near  I  MeV  that  were  broadened  by  their  short  lifetimes. 
The  sharp  onset  of  the  I  y.y'l  reactions  with  increasing 
energy  relegated  to  less  than  3%  any  contributions  from 
nonresonant  processes  and  indicated  that  the  gateway 
states  were  reasonably  well  connected  by  radiative  transi¬ 
tions  to  both  the  ground  states  and  the  isomers.  It  ap¬ 
pears  that  the  principal  cause  for  the  large  discrepancy 
between  previous  me"surements  was  the  difficulty  in  ade¬ 
quately  characterizing  the  spectra  of  tlie  irradiation. 
This  was  particularly  true  for  radioactive  sources  since 
all  spectral  contributions  away  from  the  source  lines  were 
necessarily  due  to  Compton  continua  generated  by 
scattering  in  the  irradiation  environment. 

The  model  for  the  photoexcitation  of  isomeric  nuclei 
confirmed  in  recent  work"  is  shown  in  Fig.  I.  Only 
two  gateway  levels  are  drawn  as  examples  and  the  num¬ 
ber  actually  participating  depends  upon  the  sequence  of 
energy  levels  and  trxn«ition  probabilities  ftr  the  p,"»rticu- 
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FIG.  1.  Schematic  .representation  of  the  i}'.)'')  reactions 
used  to  populate  isomeric  states  in  these  experiments.  The  reso¬ 
nant  absorption  of  bremsstrahlung  x  rays,  denoted  as  y,  excite 
populations  of  gateway  states.  Two  are  shown  at  excitation  en¬ 
ergies  of  £|  and  E-  but  the  actual  number  will  vary  for  each  nu¬ 
clide.  Parts  of  the  populations  of  the  gateway  states  make  tran¬ 
sitions  to  the  final  stale  either  directly  or  as  part  of  a  cascade  of 
radiative  transitions  ending  on  the  final  stale  as  indicated  by  the 
dashed  arrow  s.  ' 


lar  nucleus  being  considered.  In  the  resolution  of  previ¬ 
ous  conflicts  in  “'Cd  and  "'In  the  values  finally 
confirmed  lay  within  the  scatter  of  earlier  measurements 
and  generally  agreed  with  nuclear  parameters  measured 
by  other  means.'*  However,  when  studies  were  extended 
to  the  deexcitation  of  an  isomeric  sample  through  the  re  . 
verse  of  the  sequence  shown  in  Fig.  1,  unexpectedly  large 
results  were  obtamed.'*’  In  contrast  to  values  of  a  few; 
lO’sX  10“^'’  cnr  keV  measured  for  the  excitation  of  iso¬ 
mers,  a  value  of  40000X  10”^’  cm^  keV  was  reported'*’ 
for  the  deexcitation  of  '*‘’Ta"'  with  a  6  MeV  linac.  The 
reactic.i  '**’Lu(y,>'')'’*’Lu'"  was  reported  to  proceed  with 
an  integrated  cross  section  of  comparable  magnitude.'’ 
The  strength  of  the  dumping  reaction  '*‘*Ta'"(y,y')'*'’Ta 
was  confirmed'*  with  bremsstrahlung  from  the  injector  to 
Ihe  Darmstadt  superconducting  electron  accelerator 
operated  at  12  different  end-point  energies.  Two  gateway 
levels  for  '*''Ta'"(y,y')'*'’Ta  were  reported  with  integrat¬ 
ed  cross  sections  that  totaled  to  47  000  X  10 cm^  keV. 

It  was  the  purpose  of  the  work  reported  here  to  exam¬ 
ine  the  systematics  of  these  giant  resonances  ‘‘or  the  pho- 
toexcitaticn  of  isomeric  states  to  determine  whether  such 
results  were  curiosities  associated  only  with  '’*’Lu  and 
isoTa"  or  whether  they  were  part  of  more  generally  pre¬ 
valent  phenomena.  A  secondary  objective  was  to  learn 
whether  the  large  integrated  cross  sections  were  the  re¬ 
sults  of  a  large  number  of  reaction  channels  of  more  con¬ 
ventional  size  or  rather,  a  few  of  unprecedented  magni¬ 
tude. 

Unfortunately,  the  type  of  electron  accelerators  that 
provided  bremsstrahlung  spectra  with  end-point  energies 


that  were  chosen  at  will  in  classical  investigations''*  of 
(y.y'l  reactions  is  no  longer  available  in  North  America. 
For  the  experiments  reported  here  we  could  arrange  ac¬ 
cess  only  to  a  combination  of  accelerators,  some  with  lim¬ 
ited  variability  of  end-point  energies  such  as 
DNA/PITHON  at  Physics  International  and 
DNA/Aurora  at  Harry  Diamond  Laboratories.  Between 
the  ranges  of  energies  available  from  those  machines  we 
used  two  medical  linacs  having  fixed  end  points  of  4  and 
6  MeV.  This  enabled  us  to  examine  the  photoexcitation 
of  19  isomeric  nuclei,  most  of  them  over  the  range  from 
0.5  to  1 1  MeV.  The  variety  of  accelerators  and  locations 
minimized  the  possibility  of  introducing  any  systematic 
bias  which  might  have  been  associated  with  any  particu¬ 
lar  machine  or  its  environment. 


METHODOLOGY 
Analytic  approach 

The  normalized  activation  /l^(£„)ofa  sample  per  unit 
photon  flux  d>„  produced  with  a  bremsstrahlung  source 
having  an  endpoint  Eo  can  be  written  as 

‘  '^0  ) 

where  A',  and  Nf  are  the  populations  of  initial  and  final 
nuclear  states,  respectively.  In  Eq.  (1),  is  the  in¬ 

tegrated  cross  section  for  the  excitation  of  Ay  through 
the  yth  gateway  state  as  shown  in  Fig.  1.  The  function 
FiEj.En)  is  the  spectral  function  describing  the  relative 
intensity  at  the  photon  energy,  Ej,  normalized  so  that 

F{E,En)dn  ---\  .  (2) 

•'o 

The  normalized  activation  can  be  useful  as  a  sensitive 
indication  of  the  opening  of  (y,y')  channels  whenever 
photons  of  the  requisite  energies  Ej  become  available.  A 
change  of  the  end-poirit  energy  Eg  ol  the  bremsstrahlung 
spectrum  modulates  the  spectral  intensity  function 
F{E^,Eg)  in  Eq.  <l)  at  all  of  the  important  gateway  ener¬ 
gies,  £^.  The  largest  effect  in  the  excitation  function 
oc  curs  when  Eg  is  increased,  from  a  value  just  below  some 
gateway  at  Ei  =  Ei,  to  one  exceeding  it  so  that  F{Ej,Eg) 
varies  from  zero  to  some  finite  value.  In  earlier  work'"* 
plots  of  quantities!  equivalent  to  Eq.  (1)  as  functions  of  the 
end-point  energies  of  the  irradiating  spectra  showed  very 
pronounced  activation  edges  which  appeared  as  sharp  in¬ 
creases  at  the  energies,  £^,  corresponding  to  excitation  of 
new  gateways. 

In  the  work  reported  here  the  ratios  of  activation 
Nf/N,  to  the  irradiation  dose  were  e.'^amined  as  func¬ 
tions  of  Eg.  The  relationships  between  dose,  which  was 
measured  directly,  and  <t>o,  which  had  to  be  derived  from 
it,  depended  upoir  £(£,£o).  The  normalization  to  dose 
rather  than  <Pg  was,  chosen  to  avoid  any  dependence  of 
the  features  of  the  excitation  function  upon  simulation 
models. 
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Experimental  details 

Sample  materials  were  exposed  to  photons  having  ener¬ 
gies  up  to  1.5  MeV  with  the  DNA/PITHON  nuclear 
simulator  at  Physics  International.  This  device  was  a 
flash  x-ray  source  using  a  single  transmission  line  pulsed 
by  a  Marx  generator.  Since  the  end-point  energy  could 
be  varied  to  some  degree  by  changing  the  charging  volt¬ 
age  of  the  Mar.x,  photoexcitatidn  from  0.5  to  1.5  MeV 
could  be  investigated  with  a  resolution  limited  by  the 
available  end-point  energies.  The  samples  were  placed  in 
front  of  a  converter  foil  which  terminated  the  transmis¬ 
sion  line,  and  were  aligned  to  face  the  photon  flash. 
These  were  exposed  irt  complex  packages  to  activate 
several  materials  in  each  shot  from  DNA/PITHON,  an 
important  detail  since  the  pulse  repetition  frequency  was 
less  than  1  h"*.  All  the  sample  packages  were  backed 
with  thermoluminescent  dosimeters  (TLD'sl  to  measure 
the  dosage  which  each  target  received. 

The  1.5  to  6  MeV  range  was  studied  with  two  fixed 
end-point  medical  linacs  at  the  Department  of  Radiology 
of  the  University  of  Texas  Southwestern  Medical  Center 
at  Dallas.  Irradiations  with  nominal  4  MeV  bremsstrah- 
lung  were  obtained  with  a  Varian  Clinac  4/100  linac 
which  provided  a  dose  rate  of  200  rad(H,0)min  '  at 
101.2  cm  from  the  converter  target.  Bremsstrahlung  hav- 
ing  a  nominal  end  point  of  6  MeV  was  obtained  with  a 
Varian  Clinac  1800  linac  operat'’'g  in  the  6  MeV  mode. 
This  device  produced  400  rad(H,0)mm  '  at  101.5  cm 
from  the  converter  target.  For  both  machines,  the  dose 
rate  was  delerimned  by  in-line  ion  chambers  whose  Cali-" 
brations  were  directly  traceable  to  NIST.  Samples  were 
exposed  in  packages  confined  to  the  region  of  most  uni¬ 
form  dose  distribution. 
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FIG.  2.  Relative  spectral  intensities  ft£,£„t  of  the  brems- 
sirahlung  typically  produced  by  nuclear  simulators  used  to  irra¬ 
diate  samples  in  these  experiments.  The  curves  are  normalized 
so  that  their  areas  are  unity.  The  devices  employed  were  (a) 
DNA/PITHON,  with  an  end  point  of  £,,=  1.5  MeV;  (b> 
DNA/Aurora,  with  an  end  point  of  £,i  =  8. 5  MeV. 


Irradiations  in  the  6  to  II  MeV  range  were  provided 
with  the  DNA/Aurora  nuclear  simulator.'"  located  at 
the  Harry  Diamcmd  Laboratories.  Powered  by  a  Marx 
bank,  photons  were  generated  by  converter  foils  which 
terminated  four  separate  transmission  lines.  These  con¬ 
verged  on  a  target  volume  of  roughly  0.1  m'  in  which  the 
photon  field  was  most  intehse.  Again,  the  Marx  charging 
voltage  was  varied  to  provide  irradiations  with  different 
end-point  bremsstrahlung.  Samples  were  positioned  in 
the  high  intensity  spot  and  were  backed  by  TLD’s.  These 
packages  were  oriented  to  face  the  centerline  of  the 
machine  rather  than  any  particular  transmission  line. 

■  The  spectra  of  these  four  machines  have  been  well 
characterized,  particularly  the  linacs  which  are  commu¬ 
ted  to  patient  treatment.  Photon  spectra  of  the 
DNA/PITHON  and  DNA/Aurora  accelerators  were  ob¬ 
tained  through  use  of  the  Integrated  TIGER  Senes  'l"iS> 
computational  program.’’  They  were  calibrated  by 
matching  the  end-point  energy  and  the  total  dosage  to 
the  shape  of  the  calculated  spectrum.  The  DNA- 
PITHON  device  .ould  also  be  cross  calibrated  by  the  ac¬ 
tivation  technique  described  in  Refs.  9  and  10.  Typical 
specira  are  given  in  Fig.  2, which  shows  the  relative  inten¬ 
sity  function  £(£,  Eyl,  on  the  meshes  of  energies  for 
which  data  were  available.  For  the  DNA/PITHON  shot 
shown.  <I>„  =  4X10''‘  photons  cm  •  and  for  the 
DNA/Aurora  shot,  4'„=  5  X  lO'*  photonsem 
The  ''utpui  spectra  of  the  medical  linacs  employed  in 
this  work  were  calculated  with  the  EOS4  code  developed 
.  at  SLAC.”  Unfortunately,  the  relative  spectral  iniensity 
■functions  of  these  devices  that  were  found  in  the  litera¬ 
ture’'  contained  a  computational  artifact.  To  minimize 
that  feature  the  spectra  had  to  be  modeled  as  part  of  this 
work.  Results  are  shown  in  Fig.  3,  together  with  the 


FIG.  3.  Relative  spectral  intensities  £(£,£„)  of  the  hrems- 
strahlung  produced  by  the  medical  linacs  used  to  irradiate  sam¬ 
ples  in  these  experiments.  The  curves  are  normalized  so  that 
their  areas  are  unity.  The  solid  lines  indicate  empirical  fils  to 
the  calculated  spectra  aS  discussed  in  the  text.  The  devices  em¬ 
ployed  were  as  follows:  la!  Varian  Clinac  4/100,  with  a  nominal 
end  point  of  4  MeV.  The  doited  curve  shows  the  spectrum  ob¬ 
tained  from  Ref  21  that  contains  a  computational  artifact  al 
about  3  MeV.  tb)  Varian  Clinac  1800,  operated  in  the  nominal  b 
MeV  end-point  mode,  ' -  ^  . . 
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literature  values  for  a  typical  case.’’  The  total  fluxes  at  half-lives  of  less  than  3  min  and  therefore  required  special 

100  cm  were  3.23X)0"  phoionscm  '  min  '  for  the  treatment.  These  samples  consisted  of  either  powders  or 

nominally  4  MeV  device,  and  5.35XI0"  photonsem  ’  metallic  foils  enclosed  in  cylindrical  polyethylene  vials 

min  '  for  the  Clinac  1800  in  the  6  MeV  mode.  which  were  pneumatically  transported  to  a  well-type 

The  isotopes  studied  in  these  experimenl,^  are  listed  in  NaKTIl  detector  after  exposure.  The  low  energy  resolu- 

Table  I  along  with  the  relevant  physical  parameters.  The  lion  of  this  detector  necessitated  some  care  in  the 

techniques  employed  to  obtain  measurements  of  activa-  identification  of  the  prominent  features  in  the  pulse 

tion  depended  upon  the  lifetimes  of  the  isomeric  stales  height  spectra.  In  all  cases,  confirmations  that  these  were 

and  whether  or  not  these  were  long  enough  to  transport  the  fluorescence  signatures  of  the  isomers  were  made  by 

the  irradiated  samples  by  simple  means.  determining  the  half-lives  of  the  product  populations. 

Isomers  of  the  first  nine  nuclides  listed  in  Table  I  have  This  was  made  possible  by  simultaneously  acquiring  data 
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through  two  Ortec  ^18A  ADCAM  multichannel  buffers 
controlled  by  a  personal  computer.  While  one  ADCAM 
served  to  produce  a  pulse  height  spectrum,  the  other  col¬ 
lected  a  record  of  the  total  counts  received  in  thc_  preset 
dwell  interval  as  a  function  of  time.  A  typical  e.saniple  of 
the  data  obtained  in  this  w  y  is  given  in  Figs,  4lal  and 
4(b),  showing  measurements  ;or  the  isomer  "’’Er'". 

The  remaining  nuclides  ir  Table  i  had  half-lives  longer 
than  48.6  min,  and  could  he  transported  by  hand  to  a 
nearby  solid-type  Nal(TI)  detector  for  counting.  Samples 
containing  particularly  long-lived  isomers  like  119.7  d 
'^’Te"  and  13.61  d  ''’Sn*”  wt-re  transported  to  the  Center 
for  Quantum  Electronics  where  they  were  counted  using 
a  high-purity,  n-type  germanium  (HPGel  detector.  'The 
physical  form 'of  the  materials  in  this  slower  class  consist¬ 
ed  either  of  thin  metallic  disks  or  flat  polyethylene  plan- 
chettes  containing  metallic  chips  or  chemical  compounds. 

Since  the  HPGe  detector  provided  greater  resolution  it 
was  not  necessary  to  monitor  the  lime  decay  in  detail. 
For  some  samples,  however,  energy  spectra  were  ac¬ 
quired  after  several  different  elapsed  times  to  provide  ad¬ 
ditional  confirmation  of  the  product  signature.  For  ex¬ 
ample,  a  pulse  height  spectrum  of  '■'Te'"  after  a  6  MeV 
exposure  is  shown  in  Fig.  5(a),  The  fluorescence  line  at 
159  keV  is.  well  defined  and  gives  5*^  counting  statistics. 
Since  this  was  the  longest-lived  isomer  ever  reported  to 
be  excited  by  a  (y.y'l  reaction,  the  time  decay  was  e.xper- . 
imentally  determined  from  a  sequence  of  energy  spectra 
taken  after  a  6  MeV  exposure.  The  decay  of  the  count 
rate  is  shown  in  Fig..5(bi.  A  fit  to  these  data  gives  a  half- 
life  which  is  in  excellent  agreement  with  the  literature 
value. 

The  nuclide.  ’’"Lu,  was  examined  with  a  different 
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FIG.  4.  Fluorescence  data  for  the  207.8  keV  line  from  the  de¬ 
cay  of  '*’Er"  following  a  6  MeV  exposure.  These  were  obtained 
with  a  7.6  cm  X  7,6  cm  diameter  Nal(Tl)  detector  having  a  5.1 
cm  X  2.5  cm  diameter  well.  The  sample  was  irradiated  for  25 
sec.  (a)  Pulse  height  specirum  obtained  with  a  counting  period 
5  sec  in  duration  after  a  transport  time  of  2.06  sec  from  the  end 
of  irradiation  to  the  start  of  counting,  tb)  Total  counting  rates 
observed  in  successive  dwell  intervals  of  0.05  sec  as  a  function  of 
the  time  elapsed  from  the  start  of  the  counting  interval  follow¬ 
ing  a  6  MeV  exposure.  The  Kilid  line  indicates  the  literature 
value  of  the  half-life,  2.28  sec. 
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FIG  5.  Fluorescence  data  for  Ihe  159  FeV  ime  from  the  de- 
cav  of  '  'Te  "‘  following  a  6  MeV  exposure  These  were  obtained 
with  an  if-lype  high-purily  geriiiaimini  delector.  The  sample 
was  irradiated  for  2  h.  Ia»  Pulse  height  specirum  obtained  with 
a 'counting  period  of  10  h  duration  .ifler  a  delay  from  the  finish 
of  the  irradiation  of  22.98  h.  ibl  Points  represent  Ihe  coinitmg 
rales  in  pulse  height  spectra  al  difl’ereni  elapsed  times.  The  si/cs 
of  Ihe  svmhols  are  comparable  to  one  standard  deviation  and 
the  conniing  periods  were  all  10  h.  The  dashed  line  shows  the 
literature  value  for  half-life  of  tid'd 


detection  scheme.  Since  the  isomer  does  not  return  to  the 
ground  state  by  a  radiative  transiiion.  the  number  of  ex¬ 
cited  nuclei  must  be  measured  by  the  detection  of  either 
P  particles  or  the  photons  from  the  daughter  nucleus. 
The  ground  stale  P  decays  with  an  end-point  energy  of 
565  keV  and  the  isomer  p  decays  with  end-point  ener¬ 
gies  of  1313  keV  (39.605- 1  and  1225  keV  (60.405).  This, 
difference  allowed  the  use  of  a  Cerenkov  detector.  Sam¬ 
ples  consisting  of  LuCI,.  dissolved  in  distilled  water,  were 
contained  in  polyethylene  scintillation  bottles.  The 
Cerenkov  threshold  in  water  is  about  250  keV  and  P 
particles  emitted  in  the  decay  of  the  isomeric  states  were 
nearly  10  limes  more  efficient  in  producing  Cerenkov 
events  than  those  emitted  from  ground  state  nuclei.  Pho¬ 
tons  from  these  events  were  measured  in  coincidence, 
thereby  recognizing  only  signals  from  the  Cerenkov  pho¬ 
tons  produced  by  single  P'  particles.  The  detector  was 
calibrated  w  ith  '"’K  decays  from  a  KCI  solution  of  know  n 
activity,  since  the  resulting  P  particles  had  roughly  the 
same  end-point  energy  as  those  from  '  *'Lu'".  In 'these 
measurements,  the  individual  count  rales  were  monitored 
to  avoid  contributions  from  accidental  coincidences  trig¬ 
gered  by  separate  )3”  events  or  by  thermoluminescence 
from  the  material  of  the  bottle.  A  fit  to  the  experimental 
data  shown  in  the  typical  spectrum  of  Fig.  6  produced  a 
value  for  the  half-life  for  of  3.5810.05  h,  which  is 

in  good  agreement  with  the  literature  value  of  3.63  h. 

The  yields  of  each  of  the  final  slate  populations  were 
determined  from  the  numbers  of  counts  collected  in  the 
corresponding  peaks  in  pulse  height  spectra;-  These  raw- 
data  were  then  corrected  in  a  standard  manner  for  the 
photopeak  detector  efficiency,  the,  fraction  of  fluorescence 
photons  per  decay,  and  the  finite  times  of  sample  trans¬ 
port  and  counting.  The  latter  factor  used  literature 
values  of  the  half-lives.'*  It  was  also  necessary  to  account 
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FIG.  7.  Normalized  aclivation  obtained  from  irradiations 
FIG.  6.  Data  typical  of  the  counting  rates  observed  in  succes-  a"  four  accelerators  for  "^Sr"'.  The  size  of  the  symbols  is 

sive  dwell  lime  intervals  of  320  see  for  ’'■'Lu'"  as  a  function  of  comparable  to  one  standard  deviation  except  where  error  bars 
the  time  following  a  6  MeV  exposure.  The  sample  was  irradial-  explicitly  shown.  The  point  at  1.2  MeV  determined  from  a 

ed  for  40  min  and  the  delay  lime  to  the  beginning  of  the  count-  DNA/IMTHON  exposure  is  an  upper  bound  on  the  excitation 

ing  was  53  min.  A  fit  to  the  data  is  shown  by  the  solid  line  for  a  since  no  fluoresience  photons  were  observed  above  the  level  of 

half-life  of  3.582  0.05  h,  in  good  agreement  with  the  literature  background.  The  vertical  line  indicates  the  neutron  evaporation 

valueof3.63h.  threshold  at  £„  =8  4  MeV 


for  some  attenuation  of  the  fluorescence  photons  within 
the  samples  themselves  because  of  ab.sorplion  and  scatter¬ 
ing  events.  This  effect  was  accommodated  by  Monte  Car¬ 
lo  calculations  of  a  transparency  factor  for  each  sample. 
These  corrections  were  confirmed  by  comparing  the  ac¬ 
tivations  obtained  from  targets  containing  identical  ma¬ 
terials,  but  in  different  geometries. 

RESULTS 

Strontium  as  a  benchmark 

Normalized  activation  measurements  obtained  from  all 
four  accelerators  for  ^’Sr"  are  shown  in  Fig.  7,  which  also 
indicates  the  threshold  energy  for  (y,n)  reactions,  E„  at 
8.428  MeV.  The  datum  at  1.2  MeV  represents  an  upper 
limit  since  no  fluorescence  photons  were  observed  above 
the  background  level.  AUiiough  lacking  in  resolution  in 
the  critical  range  from  1.2  to  6  MeV,  the  data  allow 
several  conclusions  to  be  drawn  about  the  photoexcita¬ 
tion  process.  First  is  that  t!.ere  is  no  evidence  to  support 
the  participation  of  any  nonresonant  processes.  This  type 
of  mechanism,  if  present,  would  be  heavily  dependent 
upon  the  density  of  nuclear  states,  which  rises  sharply  at 
energies  approaching  E„.  The  slow  increase  in  the  exci¬ 
tation  function  above  6  MeV  relative  to  the  change  seen 
below  4  MeV  precludes  this  as  the  dominant  means  of 
photoexcitation. 

The  large  increase  in  normalized  activation  from  1.2  to 
4  MeV  indicates  that  at  least  one  resonant  gateway  of 
significant  magnitude  lies  in  that  range.  The  experimen¬ 
tal  resolution,  however,  does  not  allow  a  clear  observa¬ 
tion  of  the  activation  edges  so  the  details  of  these  states 
cannot  be  directly  determined. 

Fortunately,  the  isomer  ^’Sr'"  is  distinguished  by  the 
degree  to  which  its  photoexcitation  has  been  character¬ 


ized  ip  the  literature.  An  early  work”  examined  the  pro¬ 
duction  of  this  isomer  by  bremsstrahlung  with  end  points 
which  could  be  varied  up  to  3  MeV.  The  tunability  of 
that  device  allowed  three  distinct  gateways  to  be 
identified  at  1.22,  1.88,  and  2.66  MeV,  and  their  integrat¬ 
ed  cross  sections  to  be  measured.  In  the  usual  units  of 
10‘  cm’  keV,  these  were  found  to  be  8.5lt-'lb-5>  and 
3801  f[Ji,  respectively. 

Figure  8(a)  shows  the  Sr  data  together  with  the  nor- 
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FIG.  8.  Open  circles  plot  normalized  activations  obtained 
from  irradiations  with  all  four  accelerators  for  *’Sr'"  as  previ¬ 
ously  shown  in  Fig.  7.  Also  displayed, .95  solid  bars  are' excita¬ 
tion  functions  calculated  from  Eq.  (1)  for  the  following:  (al  Ex¬ 
pected  pholoexcitation  through  the  three  known  gateways  of 
Ref.  19.  The  error  bars  indicate  the  uncertainties  in  the  mea¬ 
surements  of  (ctD  in  that  work,  (b)  Expected  photoexcitation 
through  the  three  known  gateways  plus  that  of  a  hypothetical 
state  near  5  MeV  with  an  integrated  cross  section  on  the  order 
of  4000X10  cm’  keV.  The  error  bars  indicate  only  the  un¬ 
certainties  in  the  measured  (oD  of  Ref.  19.  _ 
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malized  aciivations  lhat  should  have  been  excited 
through  the  known  gateways  by  photons  with  energies 
below  4  MeV.  These  values  were  calculated  from  Eq.  Ill 
for  different  end-point  energies  by  using  typical  brems- 
strahlung  spectra  scaled  from  those  shown  in  Fig,  3.  The 
composite  graph  produced  in  this  way  exhibits  the  re¬ 
quired  activation  edges  at  1,22  and  2.66  MeV  in  agree¬ 
ment  with  the  actual  measurements.  No  edge  is  apparent 
at  1.88  MeV,  but  this  is  due  to  the  comparable  mag.iitude 
and  proximity  of  this  level  to  the  one  at  1.22  MeV.  The 
correlation  of  the  expected  values  near  4  MeV  with  the 
datum  there  indicates  that  no  new  states  are  required  to 
explain  all  of  the  normalized  activation  obtained  with  the 
4  MeV  linac. 

The  data  above  6  MeV  in  Fig.  8(al  significantly  exceed 
the  photoexcitation  which  could  have  been  produced 
through  the  three  known  gateways.  This  extra  activation 
must  have  therefore  represented  reactions  which 

proceeded  through  one  or  more  unidentified  levels.  The 
simplest  picture  which  matches  the  data  is  that  of  a  single 
gateway  near  5  MeV  with  an  integrated  cross  section  of 
the  order  of  4000 X  lO'”’  cm^  keV.  The  normalized  ac¬ 
tivation  expected  from  this  slate,  as  well  as  those  previ¬ 
ously  identified,  is  shown  in  relation  to  the  experimental 
data  in  Fig.  8(b). 

The  nuclide  *’Sr  provides  a  benchmark  for  other 
(y,y')  studies  since  this  is  the  only  instance  in  which  the 
current  work  can  be  compared  with  earlier  experiments 
over  a  significant  range  of  energies.  It  is  apparent  that 
the  present  measurements  of  the  photoexcitation  of  ’*’Sr"' 
below  4  MeV  are  completely  explained  by  resonant  af- 
sorption  of  photons  through  gateways  already  reported  in 
the  literature.” 

Nuclide  survey 

All  of  the  nuclei  of  Table  I  were  irradiated  with  at  least 
three  of  the. four  accelerators  available.  In  all  cases  the 
general  phenomenology  seen  in  Fig.  7  was  reproduced, 
but  with  considerable  variance  in  the  heights  of  the  pla¬ 
teaus  of  activation  reached  at  the  higher  energies.  A  typ¬ 
ical  example  is  shown  in  Fig.  9,  which  displays  data  ob¬ 
tained  for  the  isomer  '‘^Er”  along  with  those  for  *’Sr'". 
Several  interesting  aspects  are  apparent.  Although  the 
normalized  activations  achieved  with  '*’Er' nuclei  are 
nearly  two  orders  of  magnitude  larger  than  those  of  the 
*^Sr  benchmark,  both  isomers  display  similarly  slow  in¬ 
creases  in  activation  above  6  MeV.  This  is  surprising 
since  nonresonant  processes  might  be  expected  to  be 
more  significant  for  the  photoexcitation  of  a  nucleus  as 
massive  as  “’Er.  Nevertheless,  resonant  absorption  ap¬ 
pears  to  -  he  dominant  means  of  isomeric  production 
for  this  nucleus  as  it  was  for  the  benchmark  nuclide.  The 
increase  in  normalized  aettvation  between  the  4  and  6 
MeV  data  strongly  implies  that  a  large  gateway  lies  in 
this  range.  The  magnitude  of  the  data  near  1.2  MeV  sug¬ 
gests  that  a  smaller  activation  edge  lies  at  lower' energy. 

The  measurements  obtained  from  several  nuclides, 
’’Sr,  ”Br,  "'Cd,  and  "’in  allowed  the  identification  of 
resonances  below  1.5  MeV.  The  integrated  cross  sections 
of  th<»c  were  found  to  be  on  the  order  of  I  to  10  X  10‘” 


FIG.  9.  Normalized  activation  obtained  from  irradiations 
with  all  four  accelerators  for  Er"'.  Also  included  for  the  pur¬ 
pose  of  comparison  are  those  values  for  "’Sr"'.  The  size  of  the 
symbols  is  comparable  to  one  standard  deviation  e.scept  where 
error,  bars  are  explicitly  shown.  The  point  at  1.2  MeV  for  ’  Sr'" 
determined  from  a  DNA/PITHON  exposure  is  an  upper  bound 
on  the  excitation  since  no  fluorescence  photons  were  observed 
above  the  level 'of  background.  The  neutron  evaporation 
thresholds  for  Er  and  “  Sr  are  b.4  and  8.4  MeV,  respectively 

cm'  keV,  and  results  were  reported  previously 
The  isotope,  '  “Hf.  while  not  providing  such  detailed  in¬ 
formation.  did  indicate  an  a.>ivation  edge  at  about  1. 1 
MeV  for  its  18.7  sec  isomer  ''''Hf".  Its  excitation  func¬ 
tion  is  displayed  in  Fig.  10  and  again  the  relatively  slow 


FIG.  10.  Normalized  activation  obtained  from  irradiations 
with  all  four  accelerators  for  18.7  sec  ""Hf.  JThe  size  of  the 
symbols  is  comparable  to  one  standard  deviation  except  where 
error  bars  are  explicitly  shown.  The  vertical  line  indicates  the 
neutron  evaporation  threshold  at  E„  —  6. 1  MeV. 
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rise  at  high  energies  suggests  resonant  photoexcitation 
even  for  this  large  nucleus. 

The  absence  of  any  evidence  for  nonresonant  excitation 
made  it  useful  to  tabulate  the  results  of  this  work  in  terms 
of  an  effective  integrated  cross  section  (or ),  which  was  a 
weighted  average  of  the  actual  values  appearing  in  Eq. 
(1), 


{ar)  =  2^ar)jj 

J 


Fi2A25.Ej  ■ 


(3) 


The  choice  of  normaliz.ing  the  relative  intensities  to  2.125 
MeV  was  arbitrary.  However,  since  the  excitation  ene- 
gies  of  all  of  the  dominant  gateways  exceeded  2.125  MeV 
and  since  F(2.  125,£q) > )  for  those  gateways, 
the  ratio  used  to  weight  individual  (oT)^^  in  Eq.  (3)  was 
always  less  than  unity'.  This  insured  that  the  effective 
(ffD  was  not  greater  than  the  sum  of  all  integrated  cross 
sections  for  a  particular  nuclide.  Substitution  of  Eq.  (3) 
into  Eq.  (1)  gives 


(<Tr)  = 


Af,<t)^(2.125,£„)  ’ 


(4). 


which  in  turn  shows  the  effective  iaD  to  be  the  value 
that  would  have  been  necessary  for  a  gateway  at  2.125 
MeV  to  produce  the  observed  activation  The  results  are 


shown  in  Table  II  for  the  two  different  values  of  £„  of  the 
bremsstrahlung  from  the  two  linacs. 

Neutron  excitations 

All  of  the  .accelerators  used,  other  than 
DNA/PITHON,  were  capable  of  evaporating  neutrons 
from  their  environments.  Since  neutrons  can  also  excite 
nuclei  into  their  isomeric  states  it  was  important  to  deter¬ 
mine  the  amount  of  normalized  activation  which  was  at¬ 
tributable  to  these  particles.  In  principle,  two  types  of 
neutron  reactions  could  have  occurred:  inelastic  (n,n') 
reactions  which  would  have  required  hot  neutrons  and 
neutron  capture  (n,y)  processes  driven  by  fluxes  of 
thermal  or  epithermal  neutrons. 

Contributions  to  the  observed  activations  frorri  (n.y) 
reactions  could  be  directly  determined.  The  thermal  neu¬ 
tron  fluxes  were  measured  by  irradiating  two  thin  indium 
foils,  one  of  which  was  shielded  from  thermal  neutrons  by 
a  cadmium  cover.  In  accordance  with  standard  tech¬ 
niques,^^  energy  spectra  obtained  from  these  foils  were 
examined  after  exposure  for  photons  from  the  isomer 
"‘‘In'”,  which  is  produced  by  a  branch  of  the  reaction 
"•In(n,y )"'’ln'"''.  In  all  cases  such  activations  were 
negligible.  For  example,  the  magnitudes  of  the  fluores¬ 
cence  lines  observed  in  both  the  bare  and  the  shielded 


TABLE  H.  Summary  of  experimental  results.  The  quantity  A7  is  the  change  in  spin  between  ground  state  and  isomer.  For  both  4 
and  6  MeV  irradiations,  the  integrated  cross  sections  of  a  single  gateway  state  at  the  reference  energy  of  2.125  MeV  are  given  astoF) 
and  have  been  corrected  for  thermal  and  epithermal  neutron  contaminations.  The  ratio  of  6  MeV  values  to  those  at  4  MeV  are  given 
as  X,.  The  ratio  of  integrated  cross  sections  obtained  from  10.4  MeV  to  6  MeV  measurements  is  x,.  Also  given  is  the  fraction  of 

thermal  and  epithermal  neutron  contamination  in  the  total  activation.  4„//l .  The  comment  NA  is  used  in  the  column  for 

when  no  naturally  abundant  parent  is  available  for  («,)')  reactions.  An  entry  NA  in  the  x,  column  indicates  that  this  infor- 
mation  is  not  currently  available. 


4  MeV 


Nuclide 

AJ 

(10"  ■'*  cm*’  keV) 

(%l 

'"’Er 

3 

4600±.10 

0.01 

”Br 

3 

660±I7 

NA 

'■'Tr 

4 

7600±6I0 

NA 

'"'Au 

4 

2  600±40 

NA 

4 

9±S 

NA 

”Se 

■  3 

330±4 

0.03 

'■“Hf 

4 

9400±I20 

0.04 

'"Ba 

4 

330±23 

<0.01 

"”Hg 

6 

260+10 

0.05 

"'Cd - 

—  5 

920±12 

<0.01 

"’In 

4 

I  300±59 

NA 

"’Sr . 

4 

390±13 

<0.01 

"‘Lu 

6 

I4000±95 

0.01 

"Tn 

4 

1800116 

NA 

'""Ta 

8 

18000  +6600 

NA 

'”Ba 

4 

1300162 

<0.01 

'”Pt 

4 

30001160 

<0.01 

"’Sn 

5 

320147  ' 

<0.01 

'“Te 

5 

4200+730 

<0.01  . 

6  MeV 


laF) 

110  cm’  keVi 

(9’r) 

X'l 

Ks 

340001360 

0  32  , 

7.4 

1.0 

1900  1  23 

NA 

2.9 

1.5 

360001  960 

NA 

4.7 

NA 

13  000  +  64 

NA 

5.0 

NA 

260  +8 

NA 

29 

2.9 

6  500132 

0.76 

20 

NA 

25  000+110 

6.41 

2.7 

I.l 

1  9001  23 

0.07 

5.8 

1.4 

1400142 

5.40 

5.4 

NA 

2  500144 

0.07 

2.7 

NA 

4  700a.  180 

NA 

3.6 

0.71 

870+18 

0.89 

2.2 

2.3 

3500012  300 

1.51 

2.5 

NA 

6  700114 

NA 

3.7 

1.5 

35  000+650 

NA 

1.9 

NA 

60001110 

0.39 

4.6 

4.0 

140001  220 

0.03 

4.7 

NA 

880126 

0.07 

2.8 

0.84 

6  800+320 

1.45 

•  1.6 

NA 
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sample?,  allowed  the  determinaiion  of  the  thermal  neu¬ 
tron  Bus  of  12  neutrons  cm  ’  sec  '  in  the  6  MeV  linac 
environment.  The  contributions  to  the  activations  from 
thermal  neutrons  are  summarized  in  Table  II  for  each  of 
the  19  nuclides  studied. 

Because  of  a  bervilium  window  used  in  the  construc¬ 
tion  of  the  6  MeV  linac.  that  environment  had  the  largest 
neutron  flu*.  Nevertheless,  the  results  of  Table  II  show 
that  under  no  conditions  did  the  thermal  neutrons  con¬ 
tribute  more  than  a  few  percent  of  the  activation.  In 
most  cases  neutron  contamination'  represented  a  few 
X  10  ■*  fraction  of  the  observed  aettvations  from  the  6 
MeV  linac.  The  fast  neutron  flux  was  expected  to  be  even 
less  important  .and  attempts  to  record  any  flux  with  the 
(n,p)  reactions  of  '‘^Ti,  ^  Ti,  and  ''Ni  were  completely 
negative  Calculations  indicated  a  flux  of  fast  neutrons 
from  the  pholodisintegVation  of  environmental  sources 
consistent  with  this  negative  and  limited  eontamination 
fr-vm  <«.«')  reactions  to  tenths  of  a  percent. 

CONCLliSIOVS 

The  principal  conclusion  of  this  work  is  that  some  of 
the  integrated  cross  sections  for  exciting  isomers  can  be 
extraordinarily  large,  approaching  10  •'  cm'  eV.  This  is 
about  three  to  four  orders  of  magnitude  larger  than  what 
has  been  usually  reported  in  the  past. 

Typified  by  the  reaction  "’  Erl  l'”  Er”'.  these 
enhanced  processes  seem  to  occur  through  discrete  gate¬ 
ways  or  through  narrow  bunds  of  gateway  stales.  The 
data  of  Fig.  9  for  ''"'Er  have  a  compelling  resemblance  to 
those  for  the  e,\citalion  of  Sr  which  is  known  to  occur 
through  a  few  discrete  levels.  The  same  sharp  jump  in 
activation  with  increasing  x-ray  eiid  point  is  followed  by 
relatively  level  yield  up'to  1 1  MeV.  It  is  possible  to  fit  the 
data  for  "''Er  with  a  single  gateway  near  4  MeV  but  this 
is  not  a  unique  choice.  The  excitation  function  for  the  re¬ 
action  *’*’Hfi  j'.;'' i'  “Hf  shown  in  Fig.  10  also  seems 
compelling  in  suggesting  a  .single  jump  in  activation  at 
energies  below  4  MeV.  Table  II  shows  that  more  than 
half  of  the  19  reactions  studied  had  (5'.]'“)  reaction  chan¬ 
nels  producing  isomers  with  integrated  cross  sections 
greater  than  lOOOX  10  cm’  keV. 

The  possibility  that  these  unexpectedly  large  channels 
for  the  photoe.xciiation  of  isomers  were  the  results  of 
poor  calibrations  of  fluxes  was  minimized  by  the  use  of 
four  different  accelerators  in  diverse  environments  and  by 
the  fact  that  the  yields  of  the  reaction  ’’’Srl  up 

to  4  MeV  were  completely  explained  by  Ihe  accepted 
values  of  integrated  cross  sections.  Contamination  of  the 
products  by  activations  fiom  photoneutrons  was  shown 
to  be  generally  less  than  I9J-.  It  would  seem  that  these 
enhanced  channels  for  (1%]'')  reactions  are  the  results  of 
surprisingly  favorable  transitions  to  intermediate  stales 
that  can  be  excited  at  energies  less  lhan  4  MeV.  Earlier 
works  reported  in  the  literature  were  generally  limited  to 
3  MeV  and  did  not  find  activations  of  this  magnitude,  s»> 
it  would  be  reasonable  to  speculate  that  these  highly- 
favored  channels  might  lie  between  3  and  4  MeV  above 


the  ground  state. 

While  the  ratin',  of  aclivatioiis  found  with  4  MeV 
bremsstrahluiig  to  that  produced  around  I  MeV  were  of 
the  order  of  ihoiivands.  the  further  increases  from  4  ui  <i 
MeV  were  much  smaller  In  Table  II.  the  (|uaiitily  x 
suiimiari/cs  the  increases  in  activation  produced  hv  rais¬ 
ing  the  end  poiiii  from  4  to  b  MeV  and  the  quaiitiiy  x . 
records  the  further  change  resulting  from  an  increase 
from  b  to  10  MeV.  With  a  few  ohvious  exceptions,  the 
general  trend  supports  the  hypothesis  that  the  principal 
nuclear  structure  responsible  for  the  ordcr-of-magnilude 
enhancement  of  reactions  lies  hclow  4  Mc\' 

Much  smaller  increases  occur  between  4  and  6  Mc\'  and 
perhaps  none  between  b  and  Id  MeV.  Despite  the  care 
taken  in  rcconcihiig  the  different  environnienis.  values  of 
0,7  -5  X  ,  ?  1,5  are  prohablv  not  significantly  different  from 
anlly.  There  is  no  persuasive  evidence  that  additional 
channels  opened  between  b  and  10  Mc\  .  In  turn,  this 
•wems  to  imply  that. the  giant  dipole  resonances  have 
nothing  to  do  with  the  enhancement  of  these  <'/.'/'<  ic.ic- 
lions,  . 

The  difliciiliies  m  cvpiaining  ilic  sizes  of  the  integrated 
cross  sections  reporteil  in  this  work  accrue  from  the  large 
changes  in  angular  nioiiiciiiiini.  J  separating  ground 
stales  from  isomers  Most,  of  the  larger  values  belong  lii 
nuclei  which  arc  sphcroid.il  and  the  projcctiims  of  angu¬ 
lar  nu'iiK’iiliim,  S',  upon  the  axes  of  elongation  differ 
greatly  ,iii  grotiiKl  aiul  ispmeric  states.  With  an  ahsorp- 
livVn  transition  of  re.isonahle  prt'bahiliiy.  changes  in  ./and 
S'  arc  limiieil  to  .id  •  2  .nul  AA  2.  While  the  first  might 
be  satisfied  b\  making  a  iiaiisiiion  from  the  grouiul  state 
to  a  high  member  of  .i  rotaiioiial  band  binli  upon  the  final 
state,  the  second  wouhl  he  violaicd  because  S'  is  con¬ 
served  uiilnii  ,1  rot.iiu'iial  band.  Wh.il  is  neeiled  is  a 
mechanism  |o  mis  S  v.ilucs  of  nuclear  levels  belonging  to 
rotational  b.iiuK  buili  upon  nini.il  and  final  stales  of  the 
I  reaction 

It  is  inlcrcsinig  lo  speculate  that  this  might  occur  as  a 
result  of '  couplings  to  stales  buih  npim  cores  of 
nonfissioinng  sh.ipe  isomers,  '  Such  states  show  double 
minima  in  energy  .is  funelions  of  eloiig.it ion,  even  at  low 
values  of  spill  .-Xl  some  values  of  excitation  energy  llic 
shape  of  such  a  luieK'iis  would  he  unstable  and  projec¬ 
tions  upon  Its  'principal  ascs  would  no  longer  he  con¬ 
served.  In  this  way  tlie  transition  from  a  S’  value  chaiac- 
leristic  of  the  ground  state  to  one  consistent  with  the  iso¬ 
mer  might  occur  by  mixing  with  such  a  stale.  In  any  c.isc 
Ihe  frequency  with  winch  giant  values  of  integrated  cross 
sections  for  photoevcitation  were  found  in  this  work  ar¬ 
gues  for  some  type  of  core  properly  varying  slowly  with 
increasing  nuclear  size.  Further  work  is  needed  to 
resolve  the  precise  cause  of  this  phenomenon. 
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Large  imcgrarcd  cross  sections  for  the  pholoesciialion  of  "’In"  have  been  deiecied  around  /.,  =  ,t  MeV  (  oniplemcniarv  nii 
clear  resonance  fluorescence  studies  prove  that  the  g.s  transition  strength  is  largeK  confuted  to  the  same  energy  region  ,iiul  the 
intermediate  evcited  states  are  idenlified.  Unified-model  calculatioiss  indicate  magnet  iv  dipole  Ig., ..  •  Ig?, .  spin-llip  transitions 
as  the  major  excilaiiori  rnecnanism. 


I.  Introduction 

The  photoaciivation  of  isomers  has  a  long  tradi¬ 
tion  in  nuclear  structure  studies  1 1  ].  Most  investi¬ 
gations  have  concentrated  on  two  areas,  viz.  the  re¬ 
gion  around  particle  threshold  and  the  region  of  low 
excitation  energies,  typically  £,  <  2  MeV.  The  former 
rcs'cals  information  like  the  average  ratio  of  isomeric 
to  total  photoabsorption  cross  sections  [2 )  or  serves 
as  a  test  of  statistical  aspects  of  y-decay  at  high  exci¬ 
tation  energies  (3  ].  In  the  low  energy  regime,  the  iso¬ 
mer  population  occurs  via  resonant  photoabLOi  ption 
of  selectively  excited  intermediate  states  which  show 
a  finite  branching  for  a  y-decay  (or  a  cascade)  to  the 
isomeric  level.  These  intermediate  levels  provide 
unique  nuclear  structure  information,  often  hardly 
accessiblebyothermeans  Id],  . - 

*  Wortt  supponed  by  the  German  Federal  Minister  for  Re¬ 
search  and  Technology  (BMFT)  under  contract  number 
06OAI84I  and  the  Oepanment  of  CTefense  through  the  Naval 
Research  Laboratory  . 


Recent  studies  of  the  Itttio  explored  energy  region 
between  these  two  exircmes  have  shown  surprising 
results.  Very  large  cross  si'ciions  for  the  population  of 
isomeric  states  at  energies  i  2-4  MeV  have  been 
observed  in  a  variety  of  nuclei  [5,6].  By  investigat¬ 
ing  the  excitation  funciion  it  has  been  demonstrated 
[  7  ]  for  the  special  case  of  the  deexcitation  of  ""’Ta"' 
that  the  resonant  phoioabsorption  proceeds  through 
two  intermediate  states  only  (or  closely  spaced  groups 
within  the  experimental  resolution  of  a  200  keV). 
The  corresponding  cross  sections  arc  three  orders  of 
magnitude  larger  than  typical  values  in  orher  isomers 
below  2  MeV.  Similar  data  have  been  reported  [8) 
for  the  1 20  d  isomer  in  '-‘Tc.  Besides  the  obvious 
question  of  a  nuc!e’)V  structure  interpretation,  these 
findings  provide  unexpected  encouragement  of 
schemes  for  pumping  a  y-ray  laser  that  depend  upon 
the  sudden  deexcitation  of  isomeric  populations  [  9 ) . 

The  experiments  presented  in  this  letter  are  a  first 
elTon  to  gain  some  deeper  understanding  of  the  nu¬ 
clear  structure  phenomena  responsible  for  the  results 
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described  above.  The  choice  of  "'In  was  based  on 
several  considerations:  ( i )  The  photoaclivaiion  ofthe 
£,=0.335  MeV,  y"  =  }"  isomer  in  this  isotope  (g  s. 

7*=  5*  )  is  probably  the  most  extensively  studied  case  . 
(see  refs.  [4.I0;H]  for  references)  and  nuclear 
structure  data  are  available  ( 1 2  ]  to  completely  deter¬ 
mine  the  contribution  of  all  intermediate  states  in  the 
region  below  2  MeV  which  iS  not  covered  in  the  pres¬ 
ent  experiments,  (ii)  The  large  natural  abundance 
(95.6%)  easily  permits  a  complementary  nuclear 
resonartce  fluorescence  (NKF)  study  which  charac¬ 
terizes  the  levels  important  in  photoabsorption  in 
more  detail,  (iii)  The  low-energy  pan  of  the  "'In 
spectrum  has  been  successfully  described  [13]  w  ithin 
the  unified-model  approach  [14]  and  an  extension 
-IG  somewhat  higher  energies  seems  promising.  Thus. — 
a  microscopic  interpretation  of  the  mixing,  which 
distinguishes  the  intermediate  states,  can  be  given 
(iv)  The  vibrational  odd-even  nucleus  "Mn  can  be 
regarded  as  a  prototype  for  many  isotopes  in  this  mass 
region  containing  an  isomer. 


2.  Photoactivation  experiments 

Experiments  were  performed  at  the  superconduct¬ 
ing  linear  electron  accelerator  (S-DALINAC)  in 
Darmstadt  [  I5j.  Brcmsstrahlungs  spectra  with  end¬ 
point  energies  £o=2-5  MeV  were  generated  by  irra¬ 
diating  a  Ta  converter.  Disks  of  nominally  1  g  of  nat¬ 
ural  Indium  (diameter  3.8  cm)  were  placed  in  the 
photon  beam.  Typical  irradiation  times  were  4  h  with 
an  average  electron  current  of  20  pA.  The  endpoint 
energies  were  varied  in  steps  of  1 25  or  250  keV.  The 
characteristic  336  keV  isomeric  transition  of  "’In, 
measured  with  a  Ge(Li)  detector,  served  as  a  signa¬ 
ture  of  the  activation  and  the  yields  were  determined 
as  described  in  ref.  [7],  The  isomeric  yield  A',  can  be 
'expressed  as 

N,  =  .v'ja(E)^^^^^dE.  (I) 

n,  -  - 

where  A',  denotes  the  number  of  target  atoms,  d0/6E 
describes  the  spectral  intensity  per  cm’  of  the  photon 
field  for  an  endpoint  energy  Eq,  and  ct{E)  is  the  res¬ 
onant  absorption  cross  section.  A  description  of  the 
incident  photon  spectra  was  obtained  from  calcula¬ 


tions  with  the  clertron-phoion  transport  code  f:('iS4 
whose  general  validity  has  been  demonstrated  [16]. 
The  lower  integral  limit  in  cti  ( I  )  is  defined  by  a  cut¬ 
off  energy  £,  in' the  calculations 

The  typical  widths  ol  resonant  intermediate  states 
arc 'small  enough  to  assume  that  dO/dE  is  constant 
ovc  the  resonance  region  Then,  eg  ( 1  )  can  be 
simplified. 

v,r..v,£(or):„,o(  £,.£;,).  (2) 

I 

with  (ff/')  go  ing  the  integrated  cross  section  of  the 
;th  level.  We  note  that  nonresonant  cross  sections, 
which  would  inhibit' the  use  of  eg  (2).  are  not  con¬ 
sidered.  Claims  of  important  nonresonant  contribu- 
Tions  [  1 7  ]  to  the  phoioexeiiation  of  isomers  have  re¬ 
cently  been  disproved  [  I S  ) . 

Information  on  new  intermediate  states  is  ex¬ 
tracted  from  the  experimental  excitation  function 
shown  in  fig.  I  by  including  calculated  (i7r)„n  values 
for  all  intermediate  stales  below  2  MeV  and  then  in¬ 
troduce  a  new  state  whenever  u  break  in  the  excita¬ 
tion  function  requires  additional  strength.  For  the 
former,  branching  ratios  and  radiative  widths  arc 
known  [12]  frdm  independent  experimental  results. 
The  integrated  cross  sections  can  be  calculated  from 


Endpoint  Energy  (MeV) 


Fig.  1 .  Isomer  yield  as  a  function  of  endpoint  energy.  The  straight 
line  is  calculated  using  intermediate  siaics  al  2.8  and  3.3  MeV 
with  the  strengths  indicated  The  coniribuiions  of  slates  below  2 
MeV  lakcn  from  the  literature  ( 12  ].  Statistical  errors  are 
smaller  iha.i  the  data  point  size.  The  error  region  spanned  by  the 
d.ished  lines  additionally  includes  statistical  errors  of  the  photon 
spectra  and  an  assumed  15%  error  for  each  individual  (.ary,„ 
value. 
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wuhf=(2/|+  I  )/(2J,4  I ).  Here.  arc  the  spins  of 
ihe  g.s.  and  intermediate  state,  F,,  and  are  the 
partial .  ..  width  and  the  cfTcctivc  width  to  the  iso¬ 
mer  (including  cascades),  and  r  is  the  total  width.  A 
yield  curve  calculated  in  this  way  is  presented  as  a 
solid  line  in  fig,  I.  No  further  slates  had  to  be  in¬ 
cluded  to  describe  the  measured  yields  up  to  £,  =  2,8 
MeV.  The  breaks  in  the  theoretical  excitation  furc- 
tion,  where  new  states  were  introduced,  are  indicated 
in  fig.  I  and  the  corresponding  cross  sections  given. 


3.  Nuclear  resonance  fluorescence  experiments 

The  experimental  setup  espccialh  designed  for 
NRF  experiments  is  described  in  ref.  (19).  .An  abso¬ 
lute  calibration  of  the  photon  spectra  was  attained  by 
the  use  of  In/Al  and  In/B  sandwich  targets  which 
provide  well-determined  reference  transitions.  In  or- 
.  der  to  cover  an  energy  range  =:  1 . 5-4. 5  MeV'.  hiea- 
surements  were  performed  at  endpoint  - energies 
£o=3-I-  4.6  and  5.2  McV^.  The  variation  of  £o  also 
enables  us  to  distinguish  g.s.  transitions  from  decays 
to  excited  states.  For  details  of  the  data  analysis  see 
ref.  119). 

Integrated  cross  sections  for  g.s.  transitions  (or)u 
comparaole  to  the  isomer  activation  results,  cq.  ( 3 ). 
can  be  obtained  from 

iarh=n^{jjg~n"{e).  (4) 

The  additional  factor  H'(©)  accounts  for  the  noni- 
sotropic  decay  characteristic  which  depends  on  the 
multipolarity  (dipole/quadrupole)  and  the  mixing 
ration  4of  E2  and  Ml  transitions.  It  can  be  shown 
that  due  to  the  large  g.s  spin  [J’  =  %*  )  results  ob¬ 
tained  in  the  present  experimental  geometry  are  in¬ 
sensitive  within  ±  10%  to  the  unknown  final  slate  spin 
as  well  as  an  arbitrary  choice  of  the  mixing  parameter 
and  the  dependence  can  be  neglected. 

A  full  account  of  the  NRF  results  will  be  given  else¬ 
where  (201.  Here,  we  present  only  results  important 
for  the  isomer  population  and  restrict  the  discussion 
of  the  lower  energy  region  to  a  few  comments  in  re¬ 


lation  to  other  (y.  y  )  studies  The  agrecnicni  with 
the  results  of  C  auchois  el  al  1 2 1 1  is  good  in  p.iriK  - 
ular  for  the  I  132  and  I  463  MeV'  state  wlmh  iiiev 
obtained  with  the  selfabsonmon  technique  flic  cot- 
rcspondcnce  to  the  results  of  Alston  (22  |  is  reasona¬ 
ble  for  stronger  transitions  and  mediocre  for  the  oth¬ 
ers.  Below  /.,  =  2.5  MeV',  branching  ratios  have  heen 
measured  (23)  for  all  levels  observed  in  the  pieseri 
study  and  assure  that  no  significant  partial  width  to 
the  isomer  is  missed  in  the  analysis  of  the  excitation 
function. 

The  excitation  energy  region  correspond-ng  to  the 
large  values  is  shown  in  the  upper  pan  of  fig 

2.  The  brackets  represent  the  experimental  uncer¬ 
tainty  of  the  energies  of  the  intermediate  sjaics  iden¬ 
tified  in  the  photoactivation.  The  striking  results  is 
that ,  except  for  a  few  moderate  lex  cIs  around  3  0  and 
3.7  MeV,  all  (y.  y  )  transitions  arc  found  within  these 
energy  regions.  Thus,  these  states  (ora  paVt  of  them  i 
must  be  responsible  for  thcTsomcr  population  It  is 
further  demonstrated  in  the  lower  pari  of  fig  2  ihai 


Excitslion  Energy  (MeV) 

Fig  2.  Spccira  olThc  "Tn(y.  y  I  rcaciion  obtained  for  endpoint 
energies  /.„=4.6  and  5.2  MeX'  The  brackets  indicate  regions 
where  significani  sirengih  for  ihc  population  of  the  isomer  is  found 
in  the  e.xciiaiion  function  (see  fig  1 ).  The  strongest  lines  marked 
B  and  At  arc  calibraiion  lines 


11 


Volume  266,  number  1.’ 


PHYSICS  LETTERS  H 


22  AufiiM  1911 


no olher  resolved  iy.y  )  siaie  isdeieeied  up  lo  /•->  =  5 
MeV  (an  upper  hmii  of  s  5  eV  b  is  esnmaied  for 
possible  (ffDoSirengih  above  4  MeV  ).  These  resulis 
confirm  thai  all  iniporiani  imemiediaie  stales  have 
been  identified  up  to  4.5  mcV. 


4.  Nuclear  model  calculations  and  discussion 

In  order  to  compare  the  intermediate  states  at  low- 
and  higher  energies,  the  isomeric  ratio 
(F i)+r,v,)  is  introduced.  The  important  states  at  low 
energies  show  typical  values  /?  =  0. 1 -0.2  For  the  ob¬ 
served  groups  around  £',  =  2.8  McV  and  /;,  =  3.3 
MeV,  values  R,  =0.32  and  /?,  =  0.27  arc  obtained  bv 
averaging  over  all  the  states  within  the  brackets.  These 
numbers  represent  lo'wer  limits  of  R  only,  since  not 
all  the  states  necessarily  show  a  branching  to  the  iso¬ 
mer.  In  principle,  states  with  R  =:  I  could  lead  to  ap¬ 
preciable  ( ffD.v,  values  also  and  would  eventually  be 
missed  in  the  (y.  y’ )  data  because  of  a  too  small  F,,. 
Such  contributions,  however,  seem  to  plav  no  impor¬ 
tant  role  in  "'In. 

Further  insight  is  attained  from  an  analysis  within 
the  unificd-model  (14  ).  In  the  case  of  "Mn,  thccon- 
figuration  space  is  built  by  proton  I h-staics  (relative 
to  the  semimagic  "‘Sn  nucleus)  and  lp-2h  states 
across  t  le  major  shell  (relative  to  "‘Cd )  coupled  to 
collective  phonons  (up  to  three  quadrupolc  and  two 
octupole)  in  the  underlying  cores.  The  tw  o  subspaces 
are  mixed  by  a  residual  interaction  which  connects 
the  pairing  mode  describing  the  2h-core  ( "''Cd )  cou¬ 
pled  configurations  with  the  surface  model  (14), 

The  parameters  used  for  the  calculation  of  energies 
and  wavefunctions  closely  follow  ref.  [13],  For  the 
study  of  M 1  transitions,  ^-factors  ?,=0.7g('''  for  the 
quenched  proton  spin  value  and  g’R  =  Z/.4  for  the  gy- 
romagnetic  ratio  were  used.  Alternatively,  we  tested 
the  other  extreme;  =  0.  This  variation  shows  some 
influence  in  detail,  but  the  general  conclusions  dc- 
.  scribed  below  are  not  affected.  The  comparison  to 
experiment  proceeds  by  first  computing  all  possible 
.  E I  /M 1  /E2  upward  transitions.  Then,  for  states  with 
a  large  partial  g.s.  width  the  full  decay  cascade  is  taken 
into  account.  In  this  way,  model  values  for  (aF)a  and 
as  well  as  branching  ratios  are  determined. 

Some  general  properties  of  the  results,  which  are 
surprisingly  insensitive  lo  details  of  the  calculations. 


arc  summah/cd  fust  In  accord.  ncc  vviih  the  '.'xpcri- 
mcntal  results,  intermediate  siaiesarc  found  i  i  a  lim¬ 
ited  energy  region  above  =  1.5  MeV  only  Also, 
typical  (n/'),,..  values  at  lower  energies  arc 'sup¬ 
pressed  bv  a  factor  of  about  lb-'  00.  The  number  of 
important  states  is  small,  sin  ’il;'.  to  the  experimental 
NRF  results. 

Fig  3  presents  a  comparison  of  both  experiments 
and  the  model  results.  The  calcilt  '  ions  show  a  rough 
division  into  t"0  groups  which  might  be  related  to 
the  cxperimenial  {aF),^„  data.  A  one-to-one  corre¬ 
spondence  however,  is  certainly  beyond  the  li  nits  of 
the  approach  S''mming  the  model  (or),,,,  strength, 
the  isomeric  ratios  R,=0.25  and  £,  =  0.46  compare 
favourably  to  the  experimental  numbers.  However, 
an'overall  factor  of  4  is  needed  to  reach  absolute  val¬ 
ues  of  integrated  cross  sections  similar  to  the  mea¬ 
sured  ones. 

We  have  investigated  whether  this  shortcoming 
might  result  from  a  model-inherent  deviation  of  the 
average  strength  for  the  different  transition  types 
compared  to  experiment. , Model  distributions  of  re¬ 
duced  transition  prbbabiliiics  IH  nL )  for  El  /M I  /E2 
were  produced  from  a  complete  decay  study  of  all 
stales  up  to  4  Mc\’  and  compared  to  the  experimen¬ 
tal  systcmaticsofEndi  (24)  for  this  mass  region.  The 
resulting  patterns  look  very  similar  and  experiment/ 
model  ratios  /'(El  1=0.2.  /'(Ml  )  =  2  and  /•■(E2)  = 
10  arc  deduced  from  the  position  of  the  maxima.  A 
repetition  of  the  decay  cascade  calculation  with  each 
transition  modified  by  the  correction  factors  leads  to 
an  agreement  of  absolute  (aF)^  and  {aF),^  values 
within  a  factor  of  two.  but  slightly  deioriating  iso¬ 
meric  ration  results  /?,  =  0. 1 3  and  £3  =  0.60. 

The  overall  agreement  seems  quite  encouraging  and 
indicates  that  no  major  part  of  the  relevant  configu¬ 
ration  space  is  missed  A  detailed  analysis  of  the  main 
decay  branches  reveals  a  clear  picture  of  the  impor¬ 
tant  amplitudes  in  the  inierrncdiate  stale  wavefunc¬ 
tions.  All  theoretical  states  shown  in  fig.  3  have 
and  the  g.s.  coupling  is  dominated  in  a// cases 
by  single-particle  lg,j/:— Ig?/’  spin-flip  transitions. 
The  first  step  of  the  decay  to  the  isomer  in  the  model 
calculations  proceeds  ma;.ily  via  El  or  E2  transi¬ 
tions,  depending  on  the  application  of  the  correction 
factors  which  strongly  suppress  El  versus  E2.  In  the 
former  case,  the  El  operator  leads  to  configurations 
including  negative  parity  Ih-staies  which  effectively 
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Fig.  3,  Comparison  of  the  cxpcnmcnlal  (oDnartd  results 

st'iih  unificd-model  calrulaiions  The  dashed  hisiograms  iVir  the 
cspenmenial  (<jr),„sircngih  indicaic  lhai  ihc>  niighi  he  the  sum 
of  unresolved  states  unhin  the  experimental  resolution 

populate  the  J'- 1 '  isomer.  In  the  latter  scenario, 
higher  phonon  Cd-corc  configurations  which  arc  ad¬ 
mixed  to  a  few  important  levels  in  the  cascade  open 
an  efficient  path  for  collective  E2  depopulation  of  the 
intermediate  states. 

To  summarize,  large  cross  sections  feeding  the  iso¬ 
mer  in  "*In  have  been  found  around  £,  =  3  MeV.  a 
complementary  (y.  y‘ )  study  clearly  demonstrates 
that  the  strength  is  induced  by  a  small  number  of  dis¬ 
crete  intermediate  states.  A  microscopic  anabsis 
within  the  unilled-model  indicates  that  M I  spin-flip 
transitions  f  Ifo/v—  Igj/j )  arc  most  important  for  the 
resonant  absorption  into  excitations  with  a  signifi¬ 
cant  lp-2h  component  while  admixtures  to  the  wax  e 
functions  permitting  El  single-hole  transitions  or 
collective  E2  strength  from  higher  phonon  Cd-core 
configurations  are  responsible  for  the  branching  to  the 
isomer.  The  importance  of  Igj/j  strength  for  the  y- 
decay  has  also  been  demonstrated  J25  J  in  the  ev  en- 


xesiigaiions  in  the  revived  field  of  phoioe.xciiaiion  <>t 
isomers. 
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Photoexcilations  of  the  short-lived  isomers  '*’Er'",  r,/2  =  2.28  s,  r,^;  =  18.68  s,  ‘'"Ir", 

7’i/2~^-94  s,  aiid  ’’’Au",  T|/2  =  7,8  s,  were  produced  with  bremsstrahlung  from  the  superconducting 
Darmstadt  linear  accelerator.  Excitation  functions  were  measured  for  the  population  of  these  isomers 
by  (y.y'l  reactions  between  2  and  7  MeV.  They  indicated  that  the  isomers  were  excited  by  resonant  ab¬ 
sorption  through  isolated  intermediate  states  having  integrated  cross  sections  in  excess  of  10  cm^  keV, 
i.e.,  values  about  1000  times  larger  than  most  (y.y')  activation  reactions  reported  previously  although 
they  were  comparable  to  those  reported  earlier  for  the  depopulating  reaction  In  all 

four  nuclei  a  common  onset  was  observed  near  2.5  MeV  for  intermediate  states  with  strengths  much 
larger  than  those  occurring  at'  lower  energies.  The  summed  cross  sections  exhibit  a  clear  correlation 
with  the  ground  state  deformations. 

PACS  numberlsl:  25.20.Dc,  27.70.  ■(-q,iT80^  w 


1.  INTRODUCTION 

The  photoexcitation  of  nuclear  isomers  by  (y.y')  reac¬ 
tions  has  been  known  for  more  than  50  years  [1,2].  For 
most  of  this  time,  studies  of  this  phenomenon  have  been 
concentrated  either  upon  higher  photon  energies  around 
particle  thresholds  or  upon  relatively  lew  energies  of  ex¬ 
citation,  £52  MeV.  Results  in  the  former  case  have 
been  dominated  by  the  photoabsorotion  through  the  gi¬ 
ant  dipole  resonance  and  have  emphasized  concerns  for 
the  gross  properties  of  the  photoexcitation  process  [3]  or 
for  tests  of  statistical  models  of  y  decay  at  high  excitation 
energies  [4].  At  the  lower  energies,  efforts  have  been 
characterized  by  the  excitation  of  discrete  intermediate 
states  that  have  branched  or  cascaded  back  to  an  isomer 
with  a  significant  probability  (5).  Under  those  conditions 
the  integrated  cross  sections  for  the  photoexcitation  of 
isomers  have  been  typically  10"^’ to  10"*^cm^keV. 

Only  recently  have  studies  been  extended  systematical¬ 
ly  into  the  intermediate  range  of  energies  and  then  with 
surprising  results.  Initiated  with  the  observ  tion  [6]  of 
the  deexcitation  of  the  isomer  '**^a'"(}',y')'*'’Ta  with  an 
unprecedented  integrated  cross  section  exceeding  10”^’ 
cm^  keV,  such  extraordinary  values  were  subsequently  re¬ 
ported  [7]  for  '’‘Luty.y'l'^^Lu",  also.  A  large  survey  of 
19  nuclides  was  reported  [8]  that  covered  the  broad  range 
of  end-point  energies  0. 5  - 1 1  MeV  from  four  different  ac¬ 
celerators  and  established  that  comparable  integrated 
cross  sections  can  be  found  in  the  majority  of  cases  stud¬ 
ied.  However,  the  relatively  coarse  mesh  over  which 
those  measurements  were  conducted  prevented  the  ex¬ 
traction  of  the  excitation  energies  and  strengths  of  indivi¬ 
dual  intermediate  states  (IS's). 

As  a  next  step,  a  series  of  experiments  was  performed 
in  the  2-7-MeV  range  in  order  to  identify  and  character¬ 
ize  the  important  intermediate  levels.  These  studies  were 


motivated  by  two  principal  aspects.  First,  the  very 
efficient  coupling  of  the  ground  state  (g.s.)  and-  isomer 
demonstrated  in  Refs.  [6-8]  provided  unexpected  en¬ 
couragement  of  schemes  [9]  to  use  the  resonant  photoex¬ 
citation  of  isomers  (or  the  reverse  process,  the  sudden 
depopulation  of  an  isomer)  as  a  mechanism  to  pump  a  y- 
ray  laser.  Among  other  conditions,  the  feasibility  de¬ 
pends  sensitively  on  the  locations  and  coupling  strengths 
of  the  resonant  states.  Second,  the  reaction  mechanism 
selects  a  unique  set  of  states  with  two  features:  a  large 
partial  g.s.  width  and  strong  admixtures  in  the  wave 
function,  which  induce  the  decay  into  states  efficiently 
cascading  to  the  isomer. '  A  schematic  representation  of 
this  process  which  defines  important  parameters  is  shown 
in  Fig.  1.  In  the  excitation  energy  region  investigated, 
the  underlying  nuclear  structure  is  almost  unexplored 
and  theoretical  interpretations  are  badly  needed.  To  our 
knowledge,  the  only  attempt  to  interpret  similar  data  on 


intermediate 

state 


isomer 


ground  state 


FIG.  1.  Schematic  representation  of  the  resonant  photoexci- 
tation  mechanism  for  population  of  an  isomer 'with  energy 
The  hatched  area  describes  an  intermediate-state  IS  with  energy 
Ej  and  total  decay  width  F.  The  direct  branch  to  the  ground 
stale  is  denoted  by  f>o>  and  6,„  represents  the  sum  of  all  branch¬ 
ings  leading  to  the  isomer.  The  dashed  horizontal  lines  indicate 
that  the  decay  to  the  isomer  usually  proceeds  via  a  cascade. 
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a  microscopic  base  is  found  in  Ref.  [10],  On  the  other 
hand,  such  data  provide  stringent  constraints  for  any 
model  calculation. 

A  study  of  the  deexcitation  of  '*°Ta"  confirmed  the 
striking  results  of  Ref.  [6],  It  was  found  to  occur  through 
two  intermediate  states  at  2.8  and  3.6  MeV  with  integrat¬ 
ed  cross  sections  of  I.2X  and  3.5X  10"*’  cm^keV, 
respectively  (11],  The  excitation  of  isomers  with  large 
probabilities  through  discrete  intermediate  states  was 
also  established  in  the  reactions  (12,13]  of 
'“TeCy.y’)’” '“Te^and  "*In(y,y')"’ln"’,  However, 
in  these  latter  cases.  Integrated  cross  sections  were  of  the 
order  of  10 '  '*  to  10"’’  cm^  keV. 

Utilizing  the  large  natural  abundance  of  "’in,  comple¬ 
mentary  nuclear  resonance  fluorescence  experiments  were- 
performed  and  the  important  intermediate  states  were 
identified  [13].  Unified  model  [14]  cr.lculations  provided 
a  qualitative  explanation  of  the  IS  as  being  due  to  frag¬ 
mented  7/,  spin-flip  strength. 

The  next  step  in  understanding  would  require  an  exten¬ 
sion  of  the  information  available  on  IS's  in  a  variety  .of 
nuclei  which  might  build  a  base  for  more  systematic  nu¬ 
clear  structure  interpretations.  The  recent  survey  [8]  in¬ 
dicates  two  empirical  trends,  viz.,  an  average  increase  of 
yields  with  mass  number  and  1  correlation  with  the  g.s. 
deformation.  These  findings  are  illustrated  in  Figs.  1  ,a) 


FIG.  2.  Integrated  cross  sections  of  Ref.  [8]  for  an  electron 
energy  of  6  MeV  determined  according  to  the  assumption  of  a 
single  hypothetical  intermediate  state  at  2  MeV  plotted  versus 
(al  mass  number  4  and  (b)  the  product  of  open-shell  proton  and 
neutron  occupation  numbers  calculated  according  to  Ref 

-l»51 -  -  -  . - . 


and  2<bl  in  which  the  integrated  cross  .sections  obtained 
at  ah  electron  energy  of  6  MeV  are  plotted  versus  ,4  and 
respectively.  The  latter  is  the  product  of  open- 
shell  proton  and  neutron  occupation  numbers  and  is  a 
well-established  measure  of  the  deformation  driving 
proton-neutron  interactions  [15],  Its  application  is  re¬ 
stricted  to  nuclei  with  /I  >90.  While  the  above- 
mentioned  'trends  are  clearly  visible,  before  attempting  a 
detailed  comparison  one  should  keep  in  mind  that  these 
integrated  cross  sections  have  been  normalized  by  arbi¬ 
trarily  assuming  a  single  IS  at  2  MeV, 

One  purpose  of  tl.e  present  experiments  was  to  investi¬ 
gate  the  empirical  correlation  with  the  g.s.  deformation 
more  closely.  Therefore  the  nuclides  “’Er,  "’Hf,  '’'ir, 
and  '“"Au  were  chosen  because  they  cover  a  large  span  of 
deformations  (6  =  0.09-0.32),  but  lie  within  the  same 
group  in  Fig.  2(a)  and  have  comparable  mass  numbers. 
Furthermore,  the  well-deformed  '^’Er  and  '”Hf  are 
prime  candidates  to  verify  that  the  extraordinarily  large 
cross  sections  of  the  IS  derived  [11]  for  are  indeed 

not  uncommon.  Additional  results  obtained  in  the 
A  =70-90  mass  region  will  be  presented  elsewhere. 

II.  EXPERIMENTS 
A.  Methods 

Elemental  samples  of  Ir,  Au,  and  In  (as  a  calibration 
standard)  and  the  compounds  HfOj  and  Er20}  of  typical¬ 
ly  5-15  g  served  as  targets.  The  materials  were  con¬ 
tained  in  hollow  aluminum  cylinders  with  3.5  cm  length 
and  1:4  cm  outer  diameter. 

Isomeric  populations  were  produced  by  exposing  the 
targets  to  bremsstrahlung  from  a  3-mm  tantalum  con¬ 
verter  foil  irradiated  by  the  electron  beam  from  the  injec¬ 
tor  of  the  new  superconducting  S-DALINAC  accelerator 
at  the  Technische  Hochschule  Darmstadt  [16).  Electron 
energies  were  varied  from  2  to  7  MeV  with  a  minimum 
step  size  of  125  keV.  The  electron  energies  were  mea¬ 
sured  with  ah  accuracy  of  50  keV  before  and  after  each 
exposure.  At  each  end  point,  individual  samples  were  ir¬ 
radiated  axially  in  close  proximity  to  the  converter.  Each 
target  cylinder  was  held  in  position  by  an  aluminum  stop 
which  terminated  a  plastic  transfer  tube.  The  proper 
alignment  of  the  beam  was  achieved  by  maximizing  the 
dose  delivered  to  a  remote  ionization  chamber  shielded  to 
observe  only  the  central  12  mrad  of  the- bremsstrahlung 
cone. 


0  50  100  150  200  250 
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FIG.  3.  Pulse-height  spectrum  of  the  y  decay  of  Ihe^  isomer 
'‘’Er”  pumped  by  bremsstrahlung  frooi  a  6-MeV  electron  beam. 
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FIG.  4.  Time-decay  spectrum  of  the  isomer  “’Er"'.  The 
Straight  line  represents  a  best  fit  with  Ti/j  =  2.26±0.04  s. 


Variations  in  all  beam  parameters  were  recorded  dur¬ 
ing  the  experiments.  In  particular,  the  charge  passed  to 
the  converter  was  determined  for  each  exposure  by  in¬ 
tegrating  the  current  with  an  analog  circuit  whose  time 
constant  for  charging  was  arranged  to  match  the  lifetime 
of  the  isomer  being  investigated.  Nominal  beam  currents 
were  5  fiK.  The  lengths  of  the  exposures  were  typically 
chosen  to  be  twice  the  half-life  of  the  isomer  in  question, 
while  the  calibration  sample  Ti/j  =4.486  h  was  exposed 
for  S  min. 


signature  y  rays  was  compensated  by  a  factor  calculated 
with  a  Monte  Carlo  code  specifically  adapted  for  the 
well-type  detector  geometry. 

B.  Data  analyses 

The  experimentally  measured  yield  of  isomers,  N j,  re¬ 
sulting  from  the  irradiation  of  Nj  ground-state  nuclei 
with  bremsstrahlung  is  given  analytically  by 

,  .  (1) 
fl£ 

where  is  the  end-point  energy,  d<t>{E)/dE  is  the 
time-integratc^i  spectral  intensity  in  cm"^keV“*  of  the 
photon  field,  and  a(E)  is  the  cross  section  in  cm^  for  the 
reaction.  The  spectral  intensity  is  conveniently  expressed, 
as  the  product  of  a  flux  <J>o  of  all  photons  above  a  cutoff 
energy  E^  of  0.5  MeV  incident  on  the  target  and  a  rela¬ 
tive  intensity  function  F(E,E^),  which  is  normalized  ac- 
corfling  to 

/^^V(£,£o)d£=l  .  (2) 

Equation  (2)  allows  the  definition  of  a  normalized  yield 
or  activation  per  photon,  £(, ),  given  by 


The  termination  of  each  irradiation  provided  a  trigger  ^ 

•  signal  which  initiated  the  pneumatic  transport  of  each  /4^(£o)=  ^  ^  ~  Js  •  *3) 

sample  through  the  plastic  tube  to  a  well-type  Nal(Tl)  ^  °  ' 

detector  for  counting.  This  detector  and  all  necessary  At  energies  of  interest  in  these  experiments,  IS’s  have 
electronics  for  the  experiments  were  located  in  a  room  widths  that  are  small  in  comparison  to  their  spacings  and 

separate  from  the  accehrator  hall.  A  phototransistor  sig-  it  can  be  assumed  that  d<t>/dE  is  constant  over  each  reso- 

naled  the  arrival  of  th;  sample  within  the  detector  and  nance  region.  Then  Eq.  (3)  reduces  to  the  summation 

started  the  simultaneous  acquisition  of  both  pulse-height  aiiri— vir  c  p  tr 

and  multichannel-scala  r  spectra.  Examples  of  spectra  ob-  V;' **;’*o*  ■ 

tained  in  this  way  are  shown  in  Figs.  3  and  4.  A  quad  \ 

counter/timer  was  gated  by  TTL  signals  at  the  start  and  with  giving  the  integrated  cross  section  of  the  yth 

end  of  irradiation,  and  at  the  arrival  of  the  sample  in  the  IS  having  excitation  energy  £,.  We  note  that  non¬ 
detector  to  measure  th<  precise  durations  of  exposure  and  resonant  cross  sections  which  would  inhibit  the  use  of  Eq. 

transport.  (4)  are  not  considered.  The  previous  claims  for  the 

The  numbers  of  ison  ers  produced  by  these  irradiations  significance  of  nonresonant  contributions  [17]  have  re- 

were  determined  from  1  he  counting  rates  measured  in  dis-  cently  been  disproven  [18]  and  shown  to  have  resulted 

tinctive  fluorescence  lines.  The  particular  y-ray  signa-  merely  from  the  omission  of  the  irnportance  of  intense 

tures  used  in  these  me  isurements  and  other  relevant  pa-  contributions  to  the  photon  fields  arising  in  such  experi- 

rameters  are  given  in  1  able  I.  The  raw  number  of  counts  ments  from  environmental  Compton  scattering, 

in  each  peak  was  corrected  for  the  finite  durations  of  ex-  The  normalized  activation  can  be  useful  as  a  sensi- 
posure,  transport,  and  counting,  the  absolute  counting  tive  indication  of  the  opening  of  (y,y’)  channels  whenev- 

efficiencies  of  the  detentor,  and  the  relative  emission  in-  er  photons  of  the  requisite  energies  £^  become  available, 

tensities.  The  opacity  of  the  samples  to  the  escape  of  the  A  change  of  the  end-point  energy  Eq  of  the  bremsstrah- 

TABLE  1.  Summary  of  the  literature  values  [20]  for  the  relevant  nuclear  parameters  and  transparen¬ 
cies  for  the  escape  of  fluorescence  photons  from  samples  of  the  nuclides.  In  the  column  for  K,  entries  of 
N.A  indicat  e  nuclei  for  which  fC  cannot  be  defined  or  for  which  there  are  no  accepted  values. 

Principal 

g.s.  spin  £,„  iremer  spin  T,/2  Abundance  fluorescence  Transparency 


Nuclide 

7' 

K 

(keV) 

J’ 

a: 

(s) 

{%) 

(keV)  ( 

'"Er 

7  + 

2 

7 

2 

208 

1  - 
T 

J 

2 

2.28 

22.95 

207.79 

18.68  13.63  214.31 

4.94  37.30  129.43 

7.80  100.00  279.11 
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lung  spectrum  modulates  the  spectral  intensity  function 
FiE^,E„)  in  Eq.  (3)  at  all  of  the  important  IS  energies. 
The  largest  effect  in  the  excitation  function  occurs  when 
Eg  is  increased  from  a  value  just  below  some  state  at  E^ 
to  one  exceeding  it  so  that  FiE^fEg)  varies  from  zero  to 
some  finite  value.  In  earlier  work  (5]  plots  of  quantities 
equivalent  to  Eq..  (3)  as  functions  of  the  end-point  ener- 
'gies  of  the  irradiating  spectra  showed  very  pronounced 
activation  edges,  which  appeared  as  sharp  increases  at 
the  energies  Ej  corresponding  to  excitations  of  new  inter¬ 
mediate  states. 

Calculated  spectra  of  both  4>o  F(E,Eg)  were  ob¬ 
tained  from  the  EGS4  electron-photon  transport  code. 
This  Monte  Carlo  program  is  well  established  in  the  med¬ 
ical  physics  community,  and  its  general  validity  has  been 
demonstrated  elsewhere  (19],  In  this  work  confidence  in 
the  calculated  photon  spectra  was  maintained  by  calibrat¬ 
ing  them  with  the  reaction  This  reac¬ 

tion  is  now  sufficiently  well  characterized  in  the  litera¬ 
ture  [13]  to  support  its  use  in  this  way  and,  in  this 
effort,  was  prefeired  over  the  calibration  reaction 
*^SrCy,y')*’Sr"’  used  in  other  work  [11,12]  because  of  the 
completeness  of  the  experimental  information  for  it  in  the 
low-energy  region  no:  covered  in  the  present  experi-. 
ments. 

III.  RESULTS 

Figure  3  shows  a  typical  pulse-height  spectrum  of  the 
fluorescence  from  an  isomeric  population  pumped  by 
bremsstrahlung  through  some  intermediate  statels).  In 
this  particular  case,  the  data  from  '‘’Er"  are  shown  for 
an  electron  energy  of  £q  =  6  MeV.  Even  with  the  limited 
resolution  of  the  Nal(Tl)  well  detector,  the  distinctive  sig¬ 
nature  line  of  '^’Er”  is  clear  in  the  data  obtained  from 
one  lO-s  exposure  of  an  erbium  sample.  Nevertheless,  to 
confirm  the  identity  of  the  peak,  a  measurement  of  the 
time  decay  of  the  fluorescent  state  population  was  taken 
in  parallel.  Such  a  decay  curvfe  is  shown  for  '•’’Er'"  in 
Fig.  4  together  with  a  fit  which  agrees  well  with  the 
literature  value  [20]  of  the  half-life,  =2.28  s. 

To  improve  Statistics,  at  least  nine  successive  repeti¬ 
tions  of  the  cycle  for  irradiation  and  counting  were  made 
for  each  nuclide  at  each  end-point  energy  of  the  brems¬ 
strahlung.  Each  was  corrected  for  slight  variations  of  the 
photon  flux  on  that  particular  exposure,  as  well  as  for  any 
variations  in  the  transit  time  from  the  site  of  exposure  to 
the  counting  enclosure.  The  resulting  curves  of  A f  ob¬ 
tained  from  Eq.  (31  as  functions  of  the  bremsstrahlung 
end  point  Eg  are  shown  in  Figs.  5-8.  The  results  at  6 
MeV  given  by  Carroll  et  at.  [8]  are  included  for  compar¬ 
ison.  The  agreement  of  these  values  obtained  in  com¬ 
pletely  different  experimental  environments  is  excellent. 

Values  for  the  integrated  cross  sections  itrDfj  were 
found  by  fitting  Eq.  (4)  to  the  data  of  Figs.  5-8.  A  useful 
measure  of  the  degree  of  fit  was  provided  by  the  residue 
of  activation,  R^iEg),  remaining  after  subtracting  con¬ 
tributions  from  the  M  lowest-lying  intermediate  states, 

RMiEg)=A^{Eo)-  2  {ar)fjF{Ej,Eo}  ,  (51 


Endpoint  Energy  (MeV) 


FIG.  5.  Normalized  yield  A ,  of  the  activation  of  '‘’Er"  as  a 
function  of  electron  energy.  The  asterisk  represents  the  experi¬ 
mental  result  of  Ref  [8]  obtained  at  6  MeV.  The  solid  line  cor¬ 
responds  to  the  fit  to  the  data,  and  its  error  bounds  are  given  by 
the  doited  lines. 


where  is  the  resonance  energy  of  the  highest-lying  in¬ 
termediate  state  already  included.  Fitted  values  of  the  in¬ 
tegrated  cross  sections  were  found  by  minimizing 

R^f(Eo}  toT  the  lowest-energy  state  giving  a  break  in  the 
excitation  function,  and  then  iterating  after  including  any 
new  gateways  suggested  by  the  data.  The  contribution  of 
IS's  below  Eg  =  2  MeV  that  could  not  be  distinguished  by 
the  present  experiments  was  estimated  by  assuming  a  sin¬ 
gle  state  for  which  properties  were  adjusted  to  give  the 
best  description  of  A^  values  for  energies  below  2.5  MeV. 
Because  of  the  sudden  jump  of  intermediate-state 
strength  of  typically  more  than  a  factor  of  10  around  2.5 
MeV,  variations  of  the  IS  cross  sections  at  lower  energies 
have  little  effect  oh  the  results. 

The  results  of  fitting  the  model  of  Eq.  (4)  to  the  data 
are  shown  in  Figs.  5-8  and  are  summarized  in  Table  11. 
Uncertainties  are  shown  explicitly.  It  should  be  noted 


TABLE  II.  Values  of  integrated  cross  sections  and 

excitation  energies  Ej  of  the  intermediate  states  most  important 
in  the  production  of  these. isomers  by  (y.y')  reactions.  Values 
needed  to  fit  the  data  were  determined  in  this  work  by  minimiz- 
ing  the  residues  of  Eq.  151. _ _ 


Isomer 

E,  (MeVI 

loDf,  110' cm-keV) 

"'’Er'" 

1.9±0.1 

15001200 

2. 5+0.1 

8000+  2000 

3.110.15 

28  000+ WOO 

3.810.2 

50000115000 

’’"Hr 

1.510.2 

WHO 

2.510.1 

12001200 

3.010.15 

MOO+IOOO 

4.310.2 

75000115000 

'’Tr" 

1.210.3 

180150 

2.510.1 

25001  300 

3.210.15 

50001  500 

4,310.2 

300001WOO 

"’’Au" 

1,710.3 

70130 

2.510.1 

5001  50 

3.210.15 

4500+  500 

4.210.2 

20000+ WOO 

9S6 
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FIG.  6.  Normalized  yield  Af  of  the  activation  of  ’’"Hr  as  a 
function  of  electron  energy.  The  asterisk  represents  the  experi¬ 
mental  result  of  Ref.  [8]  obtained  al  6  MeV.  The  solid  line  cor¬ 
responds  to  the  fit  to  the  data,  and  its  error  bounds  are  given  by 
the  dotted  lines. 


FIG.  7.  Normalized  yield  of  the  activation  of  '‘‘'Ir'"  as  a 
function  of  electron  energy.  The  asterisk  represents  the  experi¬ 
mental  result  of  Ref.  [8]  obtained  at  6  MeV.  The  solid  line  cor¬ 
responds  to  the  fit  to  the  data,  anc.  its  error  bounds  are  given  by 
the  dotted  lines. 


FIG.  8.  Normalized  yield  Af  of  the  activation  of  '’’Au"  as  a 
function  of  electron  energy.  The  asterisk  represents  the  experi¬ 
mental  result  of  Ref.  [8]  obtained  at  6  MeV.  The  solid  line  cor¬ 
responds  to  the  fit  to  the  data,  and  its  error  bounds  are  given  by 
the  dottedlines.  ^ 


that  within  the  energy  errors  given  for  the  IS  locations 
the  present  approach  cannot  distinguish  between  single 
states  and  contributions  from  fragmented  strength. 

IV.  DISCUSSIO.N 

Examination  of  the  results  presented  in  Table  II  reveals 
some  interesting  phenomena.  All  four  nuclei  show  a  sud¬ 
den  jump  of  very  significant  magnitude  in  the  values  of 
integrated  cross  sections  accessed  around  2.5  MeV.  This 
same  phenomenology  had  been  reported  earlier  [11-13] 
in  '*®Ta'”,  '^^Te,  and  "’in.  Confirmed  for  "’in  by  both 
studies  of  resonant  scattering  and  unified  model  calcula¬ 
tions,  the  IS  strength  there  accrued  from  gy/i— g:/; 
spin-flip  transitions.  However,  in  the  present  work,  the 
chosen  nuclei,  together  with  the  '*‘’Ta"'.  represent  cases 
of  both  unpaired  protons  and  unpaired  neutrons  in 
different  major  shells.  A  common  mechanism  indepen¬ 
dent  of  the  details  of  nuclear  structure  would  be  indicated 
for  this  group  of  IS’s. 

Before  attempting  to  find  the  means  to  explain  such  ex¬ 
traordinary  strengths  for  these  IS’s,  a  first  concern  is  the 
extent  to  which  these  measurements  may  be  supported  by 
prior  work.  Unfortunately,  there  are  few  compelling  re¬ 
sults  in  the  literature.  The  only  precedents  are  the  recent 
measurements  made  over  a  very  coarse  mesh  of  energies 
[8]  and  the  1970  work  of  Johnson,  Chertok,  and  Dick 
(JCD)  [21].  The  agreement  is  excellent  between  values  of 
Af  obtained  in  the  present  work  and  those  obtained  with 
three  of  the  four  different  accelerators  employed  previ¬ 
ously  (8).  No  arbitrary  factors  were  used  to  scale  any  of 
those  earlier  data,  and  the  agreement  seen  in  *he  Figs. 
5-8  is  a  measure  of  the  accuracy  with  which  absolute 
measurements  can  be  made  for  (y.y')  reactions.  Refer¬ 
ence  back  to  the  original  data  of  Ref.  [8]  shows  that  com¬ 
parisons  with  activations  produced  by  the  fourth  ac¬ 
celerator,  a  4-MeV  medical  linac,  were  less  satisfactory. 
With  that  device  it  was  not  possible  either  to  monitor  or 
control  the  end-point  energy  of  the  electrons,  nominally 
fixed  at  4.0  MeV.  Because  of  the  amount  of  structure 
now  reported  for  activation  curves  near  4  MeV,  the 
effects  of  small  variations  of  end-point  energy  would  be 
expected  to  be  magnified  in  the  resulting  yields.  Not 
surprisingly  disagreements  as  great  as  a  factor  of  2  were 
obtained  with  that  accelerator. 

li  is  important  to  note  that  the  experimental  Af  value 
for  '’’ir  at  Eq  =  (>  MeV  in  the  present  experiment  is  about 
a  factor  of  2  smaller  than  that  in  Ref.  [8].  This  magni¬ 
tude  of  excitation  agrees  well  with  the  empirical  sys- 
temalics  discussed  above.  In  addition,  a  corresponding 
reduction  of  the  (crDi^  value  for  ’’’ir  plotted  from  Ref. 
[8]  in  Fig.  2(b)  removes  the  deviation  observed  for  this 
nucleus,  which  then  fits  very  well  into  the  sys- 

tematics. 

Comparisons  with  the  JCD  results  are  more  difficult. 
Published  in  a  Letter,  both  results  and  procedures  were 
too  briefly  described  to  permit  any  repetition  of  the  work. 
Details  were  promised  for  publication  in  a  subsequent  ar¬ 
ticle  which  never  appeared.  Both  the  strengths  and  exci¬ 
tation  energies  of  the  IS  reported  by  JCD  disagree  com- 
pletely  with  those  summarized  in  Table  II.  However,  the 


46 


COMMON  THRESHOLDS  AND  THE  ROLE  OF  DEFORMATIONS  . . . 


957 


uniqueness  of  such  values  depends  upon  the  degree  to 
which  inflections  in  curves  of  A f  as  functions  of  end¬ 
point  energy  can  be  precisely  located.  The  fragments  of 
data  shown  by  JCD  in  the  Letter  are  insufficient  to  sup¬ 
port  the  uniqueness  of  the  values  they  reported. 

The  degree  to  which  the  results  of  this  work  reported 
in  Table  II  agree  with  prior  measurements  is  best  summa¬ 
rized  in  Fig.  9.  There  are  plotted  the  values  of  Af  that 
were  recently  obtained  in  this  work  for  the  reaction 
'‘?Er(y,y')'‘'Er"  together  with  those  from  Ref.  [8J,  in¬ 
cluding  the  one  made  with  the  4-MeV  linac  of  lessened 
reliability.  No  scale  factors  were  used  and  absolute  mea¬ 
surements  have  been  plotted.  From  the  JCD  Letter,  it  is 
possible  only  to  calculate  values  of  A f  which  would  have 
resulted  from  excitation  through  the  IS  they  report  by 
bremsstrahlung  with  reasonable  spectra.  Since  they  did 
.  not  report  IS*s  below  2.5  MeV,  a  single  hypothetical  in¬ 
termediate  state  had  to  be  included  in  all  computations  of 
Af  to  represf nt  contributions  from  those  lower  energies. 
That  state  was  chosen  to  give  the  closest  agreement  with 
the  rest  of  the  values  plotted.  The  results  are  shown  in 
Fig.  9,  which  now  permits  a  comparison  of  all  known 
measurements  of  the  activation  of  '‘’Erly.y'l'^^Er'”  in 
the  energy  range  from  2  to  7  MeV. 

Agreement  of  the  results  of  JCD  from  20  years  ago 
with  the  present  work  is  at  least  as  good  as  has  been  ob¬ 
tained  with  the  4-MeV  medical  Ijnac,  about  a  factor  of  2. 
However,  it  is  doubtful  whether  the  procedures  of  Eq.  (5) 
would  deliver  the  same  number  arid  magnitudes  of  the  IS 
reported  by  JCD  if  now  applied  to  the  corresponding 
data  of  Fig.  9.  Values  they  reported  were  sufficient  for 
the  description  of  their  measured  Af,  but  were  not 
unique.  Despite  the  generally  favorable  agreement  of  all 
of  the  measurements  summarized  in  Fig.  9,  we  believe  it 
reasonable  to  ascribe  a  greater  weight  to  those  from  the 
current  experiment.  A  primary  consideration  is  that 
each  exposure  in  the  present  work  also  included  the  ac¬ 
tivation  of  '*’ln(y,y’)"’ln'"  believed  now  to  be  well  un¬ 


derstood  from  a  unique  level  of  agreement  of  photocxci- 
tation,  resonant  scattering,  and  model  interpretation. 
Through  this  constant  recalibration,  the  effects  of  experi¬ 
mental  uncertainties  were  minimized. 

The  resulting  IS  cross  sections  of  Table  II  show  a  gen¬ 
eral  tendency  to  increase  with  increasing  excitation  ener¬ 
gy,  We  have  investigated  whether  pholoabsorption 
through  the  tail  of  the  isovector  electric  giant  dipole  reso¬ 
nance  (GDR)  provides  a  quantitative  explanation  of  the 
excitation  functions.  It  is  well  known  that  the  extrapola¬ 
tion  of  the  GDR  to  lower  energies  describes  y-strength 
functions  [22]  and  the  statistical  distribution  of  low- 
energy  £  I  transitions  [23]  reasonably  well.  This  extrapo¬ 
lation  might  be  extended  down  to  about  4-5  MeV  in  nu¬ 
clei  far  from  closed  shells,  but  nuclei  near  the  “*Pb  shell 
'closure  show  strong  irregularities  and  experimental  re- 
suits  tend  to  be  significantly  overestimated  [22].  In  this 
analysis  we  therefore  show  a  comparison  for  both  '*’Er 
and  '”Au  as  representative  examples  of  the  two  groups. 

The  following  simplifications  are  assumed  for  the  cal¬ 
culations.  The  photoabsorption  cross  section  is  taken 
from  the  usual  Lorentzian  parametrization 


with  and  being  the  energy  and  cross  section  at 
maximum,  respectively,  and  F  is  the  width.  For  spheri¬ 
cal  nuclei,  /  =  1,  and  for  deformed  nuclei. »'  =  I  or  2,  cor¬ 
responding  to  oscillations  with  respect  to  the  different 
axes.  Equation  (6)  is  substituted  into  Eq.  (3)  to  obtain  Af 
values  comparable  to  the  experiment.  In  order  to  simpli¬ 
fy  the  integral,  0,^5  described  as  a  histogram  with  a 
mesh  interval  A  equal  to  the  step  size  of  the  photon  inten¬ 
sity  function  F{E,Eq).  Then  the  integral  can  again  be  re¬ 
duced  to  a  simple  summation 
s 

2  F{Et,Eo)a{E,-a/2,E,  +  ii/2) ,  (7) 

1  =  1 
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FIG.  9.  Oimparison  of  the  present  experiments  with  previ- 
ous  work  for  '‘’Er".  The  asterisks  denote  the  A  f  results  of  Ref 
[SJ  attained  at  4  and  6  MeV.  The  dashed  curve  was  calculated 
with  the  intermediate  siat«  given  in  Ref  (21]  plus  an  arbitrary 
state  below  2.S  MeV  to  account  for  the  unknown  lower-energy 
contributions  not  covered  in  that  early  work.  The  energy 
£=1.9  MeV  and  integrated  cross  section  <rr=2250X  10*^’ 
cm*keV  of  this  state  were  adjusted  to  achieve  an  optimum 
agreement  with  the  present  data  in  the  2.5-3.6-MeV  region  ac¬ 
cessed  in  both  experiments.  The  solid  line  indicates  the  fit  to 
the  current  data  obtained  from  Eq.  (5). 


with  £,=£,_) -HA.  The  Lorentzian  parameters  were 
taken  from  Ref.  [24],  and  the  experimental  results  of  ™'Er 
were  used  for  '‘’Er. 

The  results  are  shown  in  Fig.  10  as  hatched  areas  above 
3.5  MeV  (mode!  A).  The  upper  and  lower  borders  corre¬ 
spond  to  the  limits  of  reasonable  branching  ratio  values 
of  ®od  0.25.  Below  3.5  MeV,  results  based 

on  the  single-particle  model  multiplied  with  an  average 
experimentally  deduced  (25)  hindrance  factor.of  3X 10^^ 
(model  C)  are  displayed.  This  approach  has  been  tested 
by  Zurmuhl  et  al.  [26]  for  various  well-deformed  heavy 
•luclei.  Alternatively,  an  extrapolation  of  the  GDR  using 
an  energy-dependent  damping  width  of  the  form 
ri £)=£„„(£/£„,„)*'  has  been  proposed  [27,28]  with 
typical  values  y=  1.5-2.  As  an  example,  we  adopt  the 
approach  of  Kopecky  and  Uhl  [28]  (with  r=0  since  we 
measure  the  upward  strength  functioni,  which  is 
displayed  as  mode!  B. 

A  comparison  of  the  '‘^Er  and  '”Au  results  reveals 
considerable  differences.  In  '‘’Er,  model  A  provides  a 
reasonable  description  slightly  below  particle  threshold, 
while  results  of  model  B  are  much  too  small.  On  the  con- 
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FIG.  10.  Comparison  of  the  '‘’Er"  excitation  function  with 
extrapolations  of  the  photoabsorption  through  the  tail  of  the 
GDR  assuming  a  Lorenizian  shape  (model  Al  or  a  Lorentzian 
with  an  energy-dependent  damping  width  (model  B),  and  with  a 
single  particle  model  (model  C).  The  Lorentzian  parameters 
were  taken  from  Ref.  [24],  The  borders  of  the  hatched  regions 
showing  the  model  predictions  correspond  to  reasonable  limits 
assumed  for  the  unknown  branching-ratio  values  =  0.25 
and  0.05.  The  solid  line  corresponds  to  the  fit  to  the  data,  and 
its  error  bounds  are  given  by  the  dotted  lines. 


trary,  as  shown  in  Fig.  II,  model  .  predicts  too  large 
photoabsorption  cross  sections  in  '’^Au,  in  line  with  oth¬ 
er  investigations  of  the  y-strsngth  function  [22],  while 
model  B  accounts  well  for  the  data  down  to  about  4 
MeV.  It  is  also  clear  that  an  average  £1  transition 
strength  (model  C)  could  explain  the  low-energy  data  in 
this  case. 

The  extraordinary  photoabsorption  strength  around 
2.5  MeV  in  '^’Er  is  reflected  by  the  failure  of  model  C, 
which  predicts  values  which  are  much  tdo  small.  The 
empirical  relation  to  the  deformation  parameter  and  IS 
parameters  in  Table  II  indicates  that  collective  degrees  of 
freedom  should  play  a- decisive  role.  However,  recent 
studies  of  low-energy  collective  dipole  strength  in  rare- 
earth  nuclei  [29-32]  provide  no  fully  satisfactory  ex- 


FIG.  11.  Comparison  of  the  '”A  j”  excitation  function  with 
extrapolations  of  the  photoabsorption  through  the  tail  of  the 
GDR  assuming  a  Lorentzian  shape  (model  A)  or  a  Lorentzian 
with  an  energy-dependent  damping  width  (model  B),  and  with  a 
single-particle  model  (model  C).  The  Lorentzian  parameters 
were  taken  from  Ref.  [24].  The  borders  of  the  hatched  regions 
showing  the  model  predictions  correspond  to  reasonable  limits 
assumed  for  the  unknown  branching-ratio  values  6o^iio~0-25 
and  0:05.  The  solid  line  corresponds  to  the  fit  to  the  data,  and 
its  error  bounds  are  given  by  the  dotted  lines. 


planation.  For  the  IS  at  2.5  MeV,  reduced  transition 
probabilities  B(A/1  )  =  3.6/i^v  B(£l  )  =  40X  10‘ ' 

e^fm^  can  be  extracted  assuming  a  favorable  b(,b,^=0.2. 
These  nun^bers  roughly  correspond  to  the  total  experi¬ 
mental  Ml  and  £1  transition  strengths  [31,33]  typically 
observed  below  4  MeV  in  the  experiments.  However,  all 
the  above  data  have  been  taken  in  even-even  nuclei.  Re¬ 
cently,  a  first  attempt  to  investigate  low-lying  dipole  tran¬ 
sitions  in  an  odd-even  case  '"’Ho  was  reported  [34].  Only- 
intrinsic  single-particle  transitions  were  excited  with 
reasonable  magnitude,  and  significant  collective  Ml  or 
£1  strengths  Were  not  observed  below  3  MeV.  ■ 

The  importance  of  the  quadrupole  deformation  already- 
suggested  in  Fig.  2(bl  is  clearly  confirmed  in  the  present 
results,  if  one  compares  the  cross  sections  of  different  nu¬ 
clei  at  about  equal  energies.  The  integrated  isomer  cross 
section  of  the  jth  IS  can  be  related  to  photon-scattering 
results  via 
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with  r  being  the  total  decay  width  of  the  IS.  Here  b(,  is 
the  direct  IS  to  ground  state  branching  ratio  and 
stands  for  the  sum  of  all  branches  populating  the  isomer, 
either  directly  or  via  a  cascade.  In  order  to  remove  the 
obvious  excitation  energy  dependence  contained  in 
(oD.jo,  it  is  useful  to  introduce  the  isomer  population 
probabilities 


£ 


and  S®= 


(^ 


These  quantities  are  proportional  to  the  reduced  transi¬ 
tion  probabilities  for  excitation  for  the  yth  IS  assuming  ei¬ 
ther  a  dipole  (S®)  or  quadrupole  (S®)  transitidn,  multi¬ 
plied  by  the  branching  ratio  to  the  isomer.  The  spin 
statistics  factor  from  Eq.  (8)  is  neglected  in  this  approach. 

This  definition  permits  a  useful  comparison  between 
the  contributions  of  IS's  at  different  energies  in  one  nu¬ 
cleus  as  well  as  between  IS's  of  different  nuclei.  In  Fig. 
!2  the  summed  isomer  population  probability  S  =  2;-^/ 
for  each  nucleus  is  plotted  versus  the  quadrupole  defor¬ 
mation  parameter  6  of  the  ground  slate  that  has  been  de¬ 
rived  from  measured  moments  [35].  The  circles  corre¬ 
spond  to  the  assumption  of  dipole  absorption  by  the  IS 
and  the  squares  to  quadrupole  excitations.  Since  the  up¬ 
ward  transitions  might  be  of  mixed  character  and  the 
sums  might  include  transitions  of  both  types,  the  results 
shown  for  pure  dipole  and  quadrupole  cases  should  be 
considered  as  limits.  Still,  regardless  of  the  assumed 
character  of  the  IS  excitation,  the  data  show  a  correlation 
between  S  and  6;  i.e.  the  isomer  population  probability- 
increases  with  the  ground-state  deformation. 

Nuclear  resonance  fluorescence  work  [29-34]  in  the 
rare-earth  region  has  recently  sug  -ested  that  for  energies 
below  4  MeV  the  absorption  step  is  most  likely  mediated 
by  dipole  rather  than  quadrupole  strength.  Then  a  very 
simple  linear  relationship  is  indicated  in  Fig.  12.  A  fit  as¬ 
suming  a  direct  proportionality  of  S  and  6  is  displayed  as 
a  solid  line  and  describes  the  data  very  well. 
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FIG.  12.  Isomer  excitation  probability  calculated  from' 
Etj.  191  and  summed  over  the  energy  region  2-4.5  MeV  versus 
the  ground-state  deformation  parameter  6,  The  circles  corre¬ 
spond  to  the  assumption  of  dipole  excitations  (S®!  and  .are  plot¬ 
ted  according  to  the  left  ordinate.  The  squares  correspond  to- 
quadrupole  excitations  (S^(  of  the  IS,  plotted  according  to  the 
right  ordinate.  The  solid  line  is  a  best  fit  for  the  dipole  results 
with  a  zero  intercept. 


At  present,  it  remains  open  whether  such  a  linear 
dependence  is  of  physical  significance  or  simply  fortui¬ 
tous.  One  should  keep  in  mind  several  details:  The  re¬ 
sults  are  a  function  of  the  excitation  energy  interval  con¬ 
sidered,  the  IS  spin  statistics  factor  might  introduce  vari¬ 
ations  of  about  a  factor  of  2  (see  Table  1),  and  the  number 
of  data  points  is  certainly  too  small  for  a  final  conclusion. 
If  one  assumes  quadrupole  excitations,  no  simple  func¬ 
tional  form  is  suggested. 

The  extremely  large  integrated  cross  sections  for  the 
photoexcitation  of  well-deformed  isomers  are  difficult  to 
interpret  in  a  single-particle  model,  and  a  puzzle  of  com¬ 
parable  complexity  is  found  in  the  efficiency  with  which 
AK  is  transferred.  Many  of  these  isomers  have  values  of 
K  that  differ  considerably  from  the  ground-state  values 
|Aff=8  l'‘^Ta»,  ('’‘Lul.  and  Table  I).  The  ex¬ 

traordinary  integrated  cross  sections  can  only  be  ex- 
plainrt  with  considerable  K  mixing  in  the  IS  wave  func¬ 
tion,  While  K  mixing  is  common  at  neutron  threshold 
energies  (36],  evidence  for  violation  of  K  selection  rules 
around  3  MeV  has  also  been  recently  gained  in  nuclear 
resonance  fluorescence  investigations  [37]  and  in  a  de¬ 
tailed  decay  studv  (38]  of  the  ff^=14^,  4-fts  isomer  at 
3.312  MeV  in  '”Hf. 

It  is  an  interesting  speculation  tha»  at  certain  energies 
of  excitation,  collective  oscillations  of  the  core  nucleons 
could  break  some  of  the  symmetries  upon  which  rest  the 
identifications  of  the  pure  single-particle  states.  If 


single-particle  states  of  differing  K  were  mixed  in  this 
way,  the  possibility  for  transferring  larger  amounts  of 
with  greater  partial  widths  might  enhanced.  The  simi¬ 
larity  of  results  for  odd-even  as  well  as  odd-odd  nuclei 
with  dissimilar  single-particle  structures  might  support 
the  identification  of  this  A-mixing  process  with  some  type 
of  core  property  varying  only  slowly  among  neighboring 
nuclei. 


V.  CONCLUSIONS 

In  the  present  work,  the  main  IS’s  between  2  and  5 
MeV  have  been  identified  for  '•’’Er,  '”Hf,  '’'ir,  and 
'”Au.  a  sudden  jump  of  IS  cross  sections  of  typically 
more  than  an  order  of  magnitude  is  observed  in  all  cases 
around  2.5  MeV.  This  coincides  with  previous  results  in 
"’in  [13],  "'Te  [12],  and  "“Ta  [11],  where  similar  phe¬ 
nomena  were  observed  below  3  MeV,  and  indicates  the 
presence  of  a  common  excitation  mechanism. 

The  isomer  population  probability,  defined  as  the  sum 
of  the  reduced  transition  probabilities  to  the  IS  times  the 
branching  ratio  of  the  IS  to  the  isomer,  reveals  a  correla¬ 
tion  to  the  ground-state  deformation  regardless  whether 
dipole  or  quadrupole  excitations  are  assumed.  If  dipole 
transitions  are  solely  responsible  for  the  excitation  (which 
can  be  justified  from  recent  photon-scattering  '■xperi- 
ments  in  this  mass  region  [29-34]),  the  data  are  well  de¬ 
scribed  by  a  linear  dependence.  While  it  is  unclear  at 
present  whether  this  linear  relation  bears  physical 
significance,  the  overall  increase  of  the  isomer  population 
probability  with  deformation  is  undoubted  and  will  be 
subject  of  further  investigations,  e.g.,  by  nuclear  reso¬ 
nance  fluorescence  studies. 

At  present,  it  remains  an  open  question  what  might  be 
the  nuclear  structure  underlying  the  particularly  strong 
IS  below  3  MeV  observed  in  '‘’’Er,  '  ■*’Lu,  "“Hf,  and  '*“Ta 
and  whether  a  common  excitation  mechanism  dominates 
or  whether  the  detailed  interplay  of  collective  and  single- 
particle  aspects  in  each  particular  nucleus  is  responsible. 
Microscopic  calculations  are  clearly  needed. 
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ABSTRACT 

A  ramma-ray  laser  would  stimulate  tlic  emission  of  radiation  at  wavelengths 
below  I  A  from  excited  states  of  nuclei.  Howevt.'.  the  difficulties  in  realizing  such  a 
device  were  considered  insurmountable  when  the  first  cycle  of  study  ended  in  1981. 
Nevertheless,  research  on  the  feasibility  of  a  gamma-ray  laser  has  taken  a  completely 
new  character  since  then.  A  nuclear  analog  of  the  ruby  laser  has  been  proposed  and 
many  of  the  component  steps  for  pumping  the  nuclei  have  been  demonstrated 
experimentally.  A  quantitative  model  based  upon  the  new  data  and  concepts  of  this 
decade  shows  the  gamma-ray  laser  to  be  feasible  if  some  real  isotope  has  its  proper¬ 
ties  sufficiently  close  to  the  ideals  modeled. 

INTRODUCTION 

At  the  nuclear  level,  long-lived  excited  states  are  known  as  isomers.  Populations 
of  these  nuclear  metastables  can  store  energies  of  tera-Joules  (10'^  J)  per  liter  at 
solid  densities  for  thousands  of  years.  Such  long  storage  times  mean  that  it  woi'i-l 
not  be  necessary  to  pump  a  gamma-ray  laser  medium  entirely  in  situ.  For  some  cases 
the  excited  nuclei  could  be  bred  in  a  reactor  from  a  parent  material  that  captures  a 
neutron  or  from  a  specific  nuclear  reaction  acting  upon  precursive  elements. 

The  problem  of  suddenly  assembling  a  critical  density  of  prepumped  nuclei  to 
rrach  the  threshold  for  stimulated  emission  received  much  attention  in  a  first  cycle  of 
study  lasting  from  1 963-1 981  and  excellent  leviews  are  available.^  At  the  end  of  this 
period,  it  was  generally  concluded  that  such  single  photon,  brute  force  approaches 
««re  ess«ttially  hopeless.  In  an  encyclopedic  review,  Baldwin  and  coauthors' 
concluded  the  gmeral  impossibility  of  a  gamma-ray  laser  based  upon  alt  techniques  for 
pumping  knosm  in  1 980. .  That  review  effectively  terminated  all  traditional  lines  of 
approadi  to  a  gamma-ray  laser.  However,  in  the  earlier  work  tlie  grMtest  emphasis 
tad  been  platxd  upon  the  use  of  intense  particle  fluxes  for  input  energy. 
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Toward  the  end  of  the  first  cycle  of  research  the  precursors  of  a  new  interdis¬ 
ciplinary  approach  began  to  appear.^*  These  developed  rapidly  and  launched  a 
renaissance  in  the  field.  The  basic  theory’  "  of  upconversion  at  the  nuclear  level  was 
in-place  by  1982  for  the  two  possible  variants,  coherent  and  incoherent  upconver¬ 
sion.  Involving  either  multiphoton  processes  or  multiple  electromagnetic  transitions 
to  release  the  energy  stored  in  isomers,  many  of  the  difficulties  encountered  with 
more  traditional  pumping  schemes  did  not  arise. 

In  the  d^de  since  1980,  research  on  the  feasibility  of  a  gamma-ray  laser  has 
taken  a  completely  new  character.  In  the  first  half  decade  a  series  of  experiments 
verified  that  the  concepts  of  quantum  electronics  could  be  applied  at  the  nuclear 
level. By  1986  the  blueprint  for  a  gamma-ray  laser"  had  been  established  and 
substantial  effort  was  initiated  toward  the  demonstration  of  feasibility.  The  purpose 
of  this  article  is  to  review  the  major  advances  of  this  past  five  years  that  have 
significantly  increased  the  likelihood  of  the  feasibility  of  a  gamma-ray  laser. 

CONCEPTS 

At  first  approach  it  would  seem  that  the  prospects  for  all  ultrashort  wavelength 
lasers  would  be  vitiated  by  a  very  fundamental  factor.'  The  basic  dependence  of 
electron  transition  probabilities  so  limits  the  storage  of  pump  energies  that  even  now 
some  of  the  largest  pulsed-power  machines  are  able  to  excite  only  milliJoules  of  x-ray 
laser  output  and  then  only  at  soft  photon  energies.  In  contrast  there  are  four  unique 
advantages  of  a  gamma-ray  laser  that  would  accrue  from  its  operation  upon  electro¬ 
magnetic  transitions  of  nuclei; 

1)  The  constant  linking  with  lifetime  is  more  favorable  by  orders-of- 
magnitude  because  of  the  accessibility  of  a  variety  of  transition  moments. 
The  effects  pumped  by  an  input  pulse  can  be  integrated  up  to  larger  values 
for  longer  times. 

2)  Nuclear  metastables  store  keV  and  even  MeV  for  years.  With  upconversion 
schemes  most  of  the  pump  power  is  input  long  before  the  time  of  use  and 
triggering  requirements  are  small. 

3)  Nuclear  transitions  need  not  have  thermal  broadening  and  natural  linewidths 
are  routinely  obtained.  Without  broadening  electromagnetic  cross  sections 
are  large  and  values  for  I  X  transitions  typically  exceed  the  cross  section 
for  the  stimulation  of  Nd  in  YAG. 

4)  Working  metastables  can  be  concentrated  to  solid  densities. 

The  essential  concept  driving  the  renaissance  in  gamma-ray  laser  research  was  the 
’optical''  pumping  of  nuclei.  In  this  case  optical  meant  x-rays,  but  the  fundamentals 
were  the  same.  Useful,  resonant  absorption  of  pump  power  woi-id  occur  over  short 
distances  to  produce  high  concentrations  of  excited  nuclei  while  wasted  wavelengths 
would  be  degraded  to  heat  in  much  larger  volumes.  In  the  blueprint"  of  1982  for 
upconversions,  one  of  several  possible  types  of  photopumping  was  envisioned  to 
transfer  the  stored  population  of  an  isomer  to  a  state  at  the  head  of  a  cascade  leading 
to  the  upper  laser  level.  Of  the  cases  considered,  tlie  nuclear  analog  of  the  ruby  laser 
embodied  the  simplest  concepts  for  a  gamma-ray  laser.  Not  surprisingly,  the  greatest 
rate  of  achievement  in  the  last  five  years  has  been  realized  in  that  direction  and  this 
review  will  be  limited  to  the  results  along  that  line. 
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For  ruby,  the  itlcniificalion  and  cxploilafion  of  a  bandwidth  funnel  were  the 
critical  keys  in  the  development  of  ilie  first  laser.  There  was  a  broad  absorption  band 
linked  through  efficient  cascading  to  tlie  narrow  laser  level,  tbir  tlieory  called  for  a 
nuclear  analog  of  this  structure  which  was  unknown  in  I ‘>86  when  the  first  phase  of 
intensive  experiments  was  started  for  SDIO.  Now,  that  tlieory  lias  Iwen  confirmed. 

Whether  or  not  the  initial  state  being  pumped  is  isomeric,  the  principal  figure  of 
meril  for  bandwidth  Tunneling  is  the  partial  width  for  the  transfer,  b^b,,!'.  Conslilu- 
ent  parameters  are  identified  in  Fig.  I  where  it  can  be  seen  that  the  branching  ratios 
bj  and  b,  Sf-ecify  the  probabilities  that  a  population  pumped  by  absorption  into  the 
j'lh  broad  level  will  decay  back  into  the  initial  or  fluorescent  levels,  respectively.  It  is 
no!  often  that  the  sum  of  branching  ratios  is  unity,  as  channels  of  .decay  to  other 
levels  are  likely.  However,  the  maximum  value  of  partial  width  for  a  particular  level  j 
occurs  when  b,  =  b,,  =  0.5. 

Classified  as  (7,7')  reactions  in  the  literature  of  nuclear  physics,  these  "optical" 
pumping  processes  have  boon  known  for  over  50  years*’ although  relatively  few 
results  have  been  published  since  that  lime.  Practical  difficulties  with  the  calibration 
and  availability  of  sources  of  irradiation  had  limited  tlie  degree  of  reproducibility- 
achieved  in  earlier  work. 


The  most  tractable  {7,7')  reactions  for  study  are  those  for  the  photoexcilation 
of  stable  isotopes  up  to  isomeric  levels.  In  some  cases  the  product  can  live  long 
enough  to  be  readily  examined  after  termination  of  the  input  irradiation  and  lessons 
can  be  learned  that  can  be  applied  to  the  excitation  of  shorter-lived  levels  more  useful 
in  a  laser.  The  archetypical  case  for  basic  study  has  been  the  reaction 
'"Cd(7.7’)**'Cd"’  exciting  the  48.6  min  'evel  at  396  keV,  Three  of  the  most  recent 
measurements  of  the  fluorescence  efficiency  were  conducted  in  1979.  1982.  and 
1987  as  reported  in  Refs.  19-21,  respectively.  Probable  errors  were  quoted  as 
varying  only  from  7  to  14%,  and  yet  no  two  of  the  measurements  vyereeven  within 
a  factor  of  2  of  each  other.  This  discrepancy  led  to  serious  contentions  over  the 
way  in  which  the  expected  fluorescence  yields  were  calculaled.’*’  One  of  our  early 
challenges  was  to  place  the  "optical"  pumping  of  nuclei  onto  a  firm  quantitative  basis. 


For  a  sample  which  is  optically  thin  at  the  pump  wavelength,  a  computation  of 
the  number  of  nuclei  pumped  into  a  fluorescence  level  in  the  scheme  of  Fig.  I  is 
straightforward.  Most  intense  x-ray  sources  emit  continua,  either  because  brems- 
strahlung  is  initially  produced  or  because  spectral  lines  are  degraded  by  Compton 
scattering  in  the  immediate  environment.  The  time-integrated  yield  of  final-state 
nuclei,  Nj  obtained  by  irradiating  N,  initial  targets  with  a  photon  flux  ‘Pj  in  photons 
cm'^  delivered  in  a  continuum  of  intensities  up  to  an  endpoint  energy  Ej  is. 


o(E)F(E.Eo)dE 


where  F(E,Eq)  is  the  distribution  of  ..  .ensities  within  the  input  spectrum  normalized 
so  that  • 


F(E,EQ)dE  »  I 


(2)  . 


and  o(E)  is  the  effective  cross  section  for  the  excitation  of  the  final  state  from  tlie 
initial. 
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All  (7.7')  reactions  occurring  at  energies  below  the  threshold  for  particle 
evaporation  excite  discrete  intermediate  states  of  nuclei  as  shown  in  Fig.  I.  Although 
only  one  intermediate  state  appears  in  Fig.  I.  there  could  be  more.  Each  would  be 
excited  at  a  different  pump  energy  but  all  would  branch  to  some  extent  into  the  same 
fluorescence  level,  f.  The  j-th  intermediate  is  shown  in  Fig.  1  as  typical. 

Although  the  width  of  level  j  is  broad  on  a  nuclear  scale,  it  is  narrow  in 
comparison  to  the  scale  of  energies,  E  over  which  FtE.E,,)  varies.  Then,  the 
final-state  yield,  expressed  as  the  normalized  activation  per  unit  photon  flux,  A((Eq) 
produced  with  bremsstrahlung  having  an  endpoint  of  Eq  can  be  written  from  Eg.  (I) 
as. 


In  this  expression  (or),|  is  the  integrated  cross  section  for  the  production  of 
final-state  N,  as,  a  result  of  the  excitation  of  the  intermediate  stale  with 
bremsstrahlung  described  by  the  spectral  function  FtE.E,,),  so  that 


A,(E„)=  _  -  V(or)„F(E.,E,) 


(3a) 


(on,, 


/ 


F.,»A 

o(E)dE 

E|A 


(3b) 


where  A  is  an  energy  small  compared  to  the  spacing  between  intermediate  stales  and 
large  in  comparison  to  their  widths.  Levels  of  this  type  are  sometimes  called' 
gateways  or  doorways. 

It  is  straightforwaid  to  show  that, 

(oDf,  -  (rtb,b(,r Oo/2)fj  ,  (4a) 

where  Og/2  is  the  peak  of  the  Breit-Wigner  cross  section  for  the  absorption  step,  and 
2I,+  I  1 

Oq  »  — • - .  (4b) 

2n  21,+ 1  Op+I 

where  X.  is  the  wavelength  of  the  gamma  ray  at  the  resonant  energy,  E^;  I,  and  1,  are 
the  nuclear  spins  of  the  excited  and  ground  stales,  respectively;  and  Op  is  the  total 
internal  conversion  coefficient  for  the  system  shown  in  Fig.  I . 

PUMP  CALIBRATION 

From  the  perspective  of  laser  physics  the  most  unreliable  sources  of  energetic 
photons  used  in  early  studies  of  (7,7’)  reactions  seem  to  have  been  the  nuclear 
sources.  Although  assumed  to  emit  line  spectra,  in  actual  usage  they  produced 
intensities  which  were  dominated  by  the  continua  resulting  from  multiple  Compton 
scatterings  of  photons  by  the  large  amounts  of  shielding  in  the  irradiation  environ¬ 
ment.  Such  multiple  scatterings  are  difficult  to  calculate  and  still  impossible  to 
measure  in  practical  laboratory  configurations.  In  contrast,  the  spectral  intensities  of 
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Figure  I.  Schematic  representation  of 
the  decay  modes  of  a  gateway  state  of 
width  r  sufficiently  large  to  promote 
bandwidth  funneling.  The  initial  state 
from  which  population  is  excited  with 
an  absorption  cross  section  Oq  can  be 
either  ground  or  isomeric.  . . . 


Figure  2.  Activation  efficiencies.  Af  for 
the  reaction  *'Sr('r.T')*'Sr"  are  shown  in 
Fig.  2b  (lower)  as  functions  of  the  end¬ 
point,  of  the  bremsstrahlung  used  for 
excitation.  The  solid  curve  in  Fig.  2b 
plots  values  computed  from  Eq.  (3a) 
using  the  gateway  parameters  foupd  in 
the  literature  and  plotted  with  the  right 
axis  in  Fig.  2a  (upper)  together  with 
calculated  photon  spectra  like  that  given 
by  the  dashed  line  and  plotted  with  the 
left  axis  in  Fig.  2a.  Figure  2b  compares 
these  A,  values  with  measurements 
obtained  from  four  different  accelera¬ 
tors. 


bremsstrahlung  are  routinely  calculated  with  high  accuracy  from  measured  accelerator 
currents  and  target  geometries  by  well-established  computer  codes.^^ 

In  our  experimental  work  of  the  last  five  years  the  bremsstrahlung  from  five 
acalerators  in  different  experimental  environments  was  used  to  verify  the  fluores- 
dence  model  of  Eqs.  (I)  -  (4b)  and  to  cross-check  the  accelerator  intensities.  The 
devices  involved  in  this  effort'  were  DNA/PITHON  at  Physics  International,  DNA/Au- 
rora  af  the  Harry  Diamond  Laboratories,  a  4  MeV  and  a  6  MeV  medical  linac  at  (he 
University  of  TexasJfealth  Sciences  Onter,  and  the  superconducting  injector  to  the 
storage  ring  at  Darmstadt  (S-DALINAC).  Spectral  intensities  were  calculated  with  the 


155 


Table  I 


Summary  of  nuclides,  pump  lines,  and  integrated  cross  sections  for  the  excitation  of 
delayed  fluorescence  suitable  for  use  as  cilibration  st.mdards. 


PUMP  LINE 

(oD,, 

(keV) 

(1  O'”  cm^  keV) 

’’Br 

761 

6.2 

’’Se 

250 

0.20 

480 

0.87 

, 

818 

0.7 

1005. 

30 

"^In 

1078 

20 

EGS4  coupled  electron/photon  transport  code^^  adapted  for  each  individual  configura¬ 
tion  from  closely  monitored  values  of  accelerator  currents.  In  this  way  both  F(E.E(,) 
and  <t>(,  were  obtained.  In  some  cases  4>5  was  separately  verified  by  in-line  dosimetry. 

Of  tbe  many  po'tehtial  systems  which  might  be  used  to  confirm  tbe  formulations 
of  Eqs.  (I)  through  (4b),  the  literatures^  suppoits  the  calculation  of  integrated  cross 
sections  for  very  few.  Table  I  summarizes  those  which  are  known  with  sufficient 
accuracy  to  serve  as  standards.  In  the  convenient  units  of  lO'S’  cm^  keV.  values  range 
from  the  order  of  unity  to  a  few  tens  for  bandwidth  funnels  that  are  sufficient  for 
demonstrations  of  nuclear  fluorescence  from  reasonable  amounts  of  material  at 
readily  accessible  levels  of  input. 

In  our  experiments  samples  with  typical  masses  of  grams  were  exposed  to  tbe 
bremsstrahlung  from  the  five  accelerators  for  times  ranging  from  seconds  to  hours 
for  the  continuously  operating  machines  and  to  single  flashes  from  the  pulsed  devices. 

The  activations.  Aj  of  Eq.  (3a)  were  determined  by  counting  tbe  photons  spontane¬ 
ously  emitted  from  the  samples  after  transferring  them  to  a  quieter  environment. 

Usual  corrections  were  made  for  the  isotopic  abundance,  for  the  loss  of  activity 
during  irradiation  and  transit,  for  the  counting  geometry,  for  the  self-absorption  of 

the  fluorescence,  and  for  the  tabulated  efficiencies”-^f  for  tbe  emission  of  signature  ^ 

photons  from  the  populations,  N(.  The  self-absorption  correction  required  a  ' 

calculation  of  photon  transport  which  was  verified  in  some  cases  by  confirming  that 
the  same  sample  masses  in  different  geometries  with  different  correction  factors  gave 
the  same  final  populations. 

Results  were  in  close  agreement^’  with  the  predictions  of  Eq.  (3a)  used  with  the 
values  of  (oDfj  shown  ir>  Table  I.  That  work  established  a  confidence  level  sufficient 
to  support  the  use  of  nuclear  activation  as  a  means  of  selectively  sampling  spectral 
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inlensilics  of  single  pulses  of  intense  coniinua  to  determine  absolute  intensities  as 
functions  of  wavelength.**  Having  calibrated  the  spectral  sources,  tlic  persisting 
uncertainties  in  the  optical  pumping  of  ''^In'"  and  •••Cd"'  were  resolved.**  ** 

As  part  of  tl«  effort  to  establish  better  calibration  standards,  we  reexamined 
the  reaction  *^ST<y,y’WSr"'.  Particularly  valuable  were  the  data  obtained  with  the 
S'DALINAC  b^ause  the  endpoint  of  the  bremsstrahlung  could  be  varied.  A  change  of 
the  endpoint  energy,  Ej  of  the  bremsstrahlung,  as  well  as  altering  modulates  the 
sp^lral  intensity  function  F(Ej,Ej)  at  all  of  the  importpt  energies  for  resonant 
excitation  E^,  The  largest  effect  occurs  when  Ej  is  increased  frOm  a  value  just  below 
some  intermediate  state  at  E^  to  one  exceeding  it  so  that  F(Ej,E(|)  varies  from  zero  to 
some  finite  value  as  shown  .in  Fig.  2a. 

Early  work**  on  (y,?*)  reactions  showed  that  a  plot  of  activation,  ,A,(E„)  as  a 
function  of  bremsstrahlung  endpoint  energy  displayed  very  pronounced  activation 
edges  at  the  energies.  E^  corresponding  to  the  resonant  excitation  of  new  intermedi¬ 
ate  stales.  Such  edges  enabled  new  gateways  to  be  identified  for  a  particular  reaction. 

The  activation  efficiencies.  A,  calculated  from  Eq.  (3a)  using  the  literature 
values*®  plotted  in  Fig.  2a  are  shown  in  Fig.  2b  together  with  the  measurements 
obtained  with  four  of  the  accelerators.  As  can  be  seen,  agreement  is  very  good 
between  the  different  accelerators  and  between  the  experimental  data  and  the  model 
calculations.  The  units  of  A,  in  Fig.  2b  are  those  of  area  because  tfiey  are  a  type  of 
average  cross  section  quite  different  from  the  Op  of  Eq.  (4a)  that  describe  individual 
transitions.  The  small  plotted  values  are  the  result  of  averaging  the  large  Op  at  the 
resonant  Ej  over  the  broad  bandwidth  of  FfE.Ep)  in  which  most  E  #  E,. 

These  calibration  studies  served  to  confirm  both  the  traditional  model  of 
nuclear  activation  summarized  in  Eqs.  (I)  -  (4b)  and  to  validate  the  ECS4  code  for 
calculating  bremsstrahlung  intensities  from  measured  accelerator  parameters.  S'ov. 
there  can  be  no  reasonable  doubt  of  procedures  for  quantitatively  measuring 
fluorescence  efficiencies  if  an  experiment  is  carefully  performed  wdh  a 
bremsstrahlung  source  of  pump  radiation. 

GIANT  PUMPING  RESONANCES 

If  expressed  as  partial  widths  tlW  integrated  cross  sections  for  the  excitation  of 
**Se"’,  ■’’Br"’,  and  seen  in  Table  I  corresponded  to  39,  5.  and  94  ueV, 

respectively.  While  among  the  largest  values  reported  prior  to  our  studies,  these 
results  still  left  an  aura  of  credibility  to  the  traditional  impressions  that  partial 
widths  for  exciting  isomers  would  be  limited  to  about  I  jieV. 

Tempering  expectations  that  integrated  cross  sections  of  even  this  size  might  be 
expected  for  the  dumping  of  actual  isomeric  candidates  for  a  gamma-ray  laser  was  a 
concern  for  (he  conservation  of  various  projections  of  (he  angular  momenid  of  the 
nuctei.  Many  of  the  interesting  isomers  belong  to  the  class  of  nuclei  deformed  from 
the  normally  spherical  shape.  For  those  systems  (here  is  a  quantum  number  of 
dominant  importance,  K  .which  is  the  projection  of  individual  nucleonic  angular 
momenta  upon  the  axis  of  elongation.  To  this  is  added  the  collective  rotation  of  the 
nucleus  to  obtain  the  total  angular  momentum  J.  The  resulting  system  of  energy 
tevels  resembtes  (hoK  of  a  diatomic  molecule  for  which 
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E„(K.J)>«En(K)  +  B„J(J  +  I)  .  (5) 

where  J  >  K  >  0  and  J  lakes  values  1K|,  1K|  +  t .  IK]  +  2 .  In  this  expression  B„  is  a 

rotational  constant  and  En(K)  is  the  lowest  value  for  any  level  in  the  resulting  "band" 
of  energies  identified  by  other  quantum  numbers  n.  In  such  systems  the  selection 
rules  for  electromagnetic  transitions  require  both  |AJ|  <  M  and  |AK|  <  M.  where  M  is 
the  multipolarity  of  the  transition. 

In  most  cases  of  interest,  the  isomeric  stale  has  a  large  lifetime  because  its  value 
of  K  differs  considerably  from  those  of  lower  levels  to  which  it  would  otherwise  be 
radiatively  connected.  As  a  consequence,  bandwidth  funneling  processes  such  as 
shown  in  Fig.  I  must  spart  substantial  changes  in  AK  and  component  transitions  have 
been  expKted  to  have  large,  and  hence  unlikely,  multipolarities.  Initial  expectations 
were  that  partial  widths  would  decrease  further. as  the  values  of  AK  needed  for  the 
transfer  increased. 

From  this  perspective  the  candidate  isomer.  '••'Ta'"  was  the  most  initially 
unattractive  as  it  had  the  largest  change  of  angular  momentum  between  isomer  and 
ground  state.  8f{.  However,  because  it  was  the  only  isomer  for  which  a  macroscopic 
sample  was  readily  available,  '“Ta"'  became  the  first  isomeric  material  to  be  optically 
pumped  to  a  fluorescent  level. 

Table  II 

Recently  measured  values  of  integrated  cross  section.  (oDfj  for  the  reaction 
i»ojam(^  jhe  gateway  excitation  energies.  E^  for  these  levels  are  given  at  the 

centers  of  the  ranges  of  energies  that  could  be  resolved  experimentally. 


Energy  of . 

(MeV)  (IO»cmJkeV) 


2.810.1  •  120001  2000 
3.61  0.1  350001  5000 


This  particular  isomer,  •MTa"'  carries  a  dual  distinction.  If  is  the  rarest  stable 
isotope  occurring  in  nature  and  it  is  the  only  naturally  occurring  isomer.  The  actual 
ground  slate  of  '"’Ta  is  I*  with  a  halflife  of  8.1  hours  while  the  tantalum  nucleus  of 
mass  180  occurring  with  0.012%  natural  abundance  is  the  9’  isomer,  '•®Ta"’.  It  has 
an  adopted  excitation  energy  of  75.3  keV'and  halflife  in  excess  of  1 .2  x  I  O'*  years.* 

In  an  experiment  conducted  in  1987  we  exposed  1.2  mg  of  ’“Ta"  to  the 
bremsstrahlung  from  the  6  MeV  linac  and  obtained  a  large  fluorescence  yield.^'  This 
was  the  first  time  a  (7,7')  reaction  had  been  excited  from  an  isomeric  target  as  needed 
for  a  gamma-ray  laser  and  was  the  first  evidence  of  the  existence  of  giant  pumping 
resonances.  Simply  the  observation  of  fluorescence  from  a  milligram  sized  target 
proved  that  an  unexpected  reaction  channel  had  opened.  Usually  giams  of  material  are 
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raiuired  in  this  type  of  experiment.  Analyscs^'-*^  of  the  data  indicated  that  the  partial 
width  for  the  dumping  of  wTa™  was  around  0.5  eV. 

To  determine  the  transition  energy,  from  the  isomer  to  the  gateway 

level,  a  series  of  irradiations  was  made  at  the  S-DALINAC  facility  using  fourteen 
Afferent  Midpoints  in  the  range  from  2.0  to  6.0  MeV.M  The  existence  of  an 
activation  edge  was  clearly  seen  in-  the  data  shown  in  Fig.  3b.  The  fitting  of  such  data 
to  the  expression  of  Eq.  (3a)  by  adjusting  trial  values  of  (00,^  enabled  us  to 
determine  the  integrated  cross  sections  for  tfie  dumping  of  <‘®Ta"’  isomeric  popula¬ 
tions  into  freely  radiating  states.  Reported  values^  are  summarized  in  Table  II  and 
shown  schematically  in  Fig.  3a. 


Endpoint  Energy  fMe'/J 


Figure  3.  Activation  efficiencies.  A,  for  the 
reaction  '•®Ta"’(7,'r’)'“Ta  are  shown  in 
Fig.  3b  (lower)  as  functions  ,of  the  endpoint, 
Eq  of  the  bremsstrahlung  used  for  excitation. 
Gateway  parameters  obtained  by  fitting  the 
data  using  Eq.  (3a)  are  plotted  with  the  right 
axis  in  Fig.  3a  (upper).  These  parameters 
were  determined  using  calculated  photon  spec¬ 
tra  like  that  givi.-n  by  the  dashed  line  and  plot¬ 
ted  with  (he  lefi  axis  in  Fig.  3a. 


The  integrated  cross  sections  in  Table  II  are  enormous  values  exceeding  anything 
prewously  reported  for  transfer  through  a  bandwidth  funnel  by  two  orders  of 
magnitude.  In  fact  they  are  1 0,000  times  larger  than  the  values  usually  measured  for 
midri.  With  this  result  the  restrictive  guidelines  customarily  applied  to  optical 
pumping  of  nuclet  are  proven  to  be  nearly  1 0*  times  too  pessimistic. 


While  the  width  of  the  transfer  process  is  difficult  to  interpret  in  a  single¬ 
particle  model,  a  puzzle  of  comparable  complexity  is  found  in  the  efficiency  with 
which  AK  is  transferred.  It  is  an  interesting  speculation  that  at  certain  energies  of 
excitation,  collective  oscillations  of  the  core  nucleons  could  break  some  of  the 
symmetries' upon  which  rest  the  identifications  of  the  pure  single-particle  slates.  If 
single-particle  stales  of  differing  K  were  mixed'  in  this  way.  the  possibility  for 
transferring  larger  amounts  of  AK  with  greater  partial  widths  might  be  enhanced. 
Some  support  for  such  a  speculation  was  found  in  the  unexpected  enhancements 
measured  very  recently  for  the  deexcilation  of  the  •'’^Hf'"  isomer.^  There  also  the 
decay  of  the  isomer  was  found  to  occur  primarily  by  transition  through  an  intermedi¬ 
ate  state  lying  at  268S  keV  in  which  K  mixing  occurred  so  that  AK  1 4  was  lost 
between  isomer  and  the  ground-state  band.  This  is  remarkably  close  to  the  energy  of 
the  K-mixing  level  at  2800  ±  100  keV  for  '•®Ta  shown  in  Table  II.  The  close 
similarity  of  the  energetics  shown  in  Fig.  4  for  nuclei  with  such  dissimilar  single¬ 
particle  structures  does  seem  to  support  the  identification  of  this  K-mixing  process 
with  some  type  of  core  properly  varying  only  slowly  among  neighboring  nuclei. 


Figure  4.  Energetics  for  the  sponta-  Figure  5.  Integrated  cross  sections  for 

neous  decay  of  ''’^Hf'"  through  an  pumping  isomeric  nuclei  obtained  in  the 

intermediate  state  providing  AK=I4  survey  of  Ref.  35.  The  groupings  of 

compared  with  those  for  the  dumping  pumping  strengths  seen  in  the  figure  cor- 

of  '•®Ta'"  through  a  similar  intermedi-  respond  to  mass  islands  between  magic 

ate  stale.  In  the  case  of  '•“Ta"’.  the  numbers  for  neutrons  and  protons.  The 

dumping  reaction  provides  AKs8.  best  candidates  for  a  gamma-ray  laser  lie 

Both  gateways  are  expected  to  be  within  the  island  containing  the  largest 

admixtures  of  single-particle  slates.  values  of  integrated  cross  sections  cor- 

thereby  producing  significant  K  mix-  responding  to  giant  pumping  resonances, 

ing.  Within  each  island  the  integrated  cross 

sections  vary  only  slowly  with  changing 
mass  number.  A. 


A  survey  of  i  9  isotopies®  conducted  with  the  four  U.S.  accelerators  over  a 
fairly  coarse  mesh  of  bremsstrahlung  endpoints  confirmed  the  existence  of  giant 
resonances  for  breaking  K  in  the  region  of  masses  near  180  as  shown  in  Fig.  S. 


Aclivaiioti  edges  continued  to  support  the  identiTications  of  integrated  cross  sections 
for  pumping  md  Aimping  of  isomers  that  were  of  the  order  of  1 0,000  limes  greater 
than  usual  values.  A  study  with  the  higher  resolution  of  the  S-DALINAC*  showed 
that  the  giant  (Mimping  resonances  reappeared  at  lower  masses  near  1 20. 

Whalew  the  mKhanisms.  the  experimental  fact  remains  that  interband-transfer 
processes  connecting  to  isomeric  levels  can  be  pumped  through  enormous  partial 
widths  rndiing  0.5  eV,  even  when  the  transfer  of  angular  momentum  must  be  as 
grral  as  AK  a  8,  or  ev^n  AK  »  14.  It  seems  this  is  the  nuclear  analog  of  the  giant 
resonant^  for  pumping  ruby  at  the  atomic  level.  Elucidation  of  the  process,  together 
with  identification  of  the  gateways,  has  been  propelled  into  a  place  of  future 
importance. 

C<M4CLUSI<M«  •  A  LASER  MODEL 

The  mode!  of  a  gamma-ray  laser  for  the  1 990's  is  not  fundamentally  different 
from  the  nuclear  analog  of  the  ruby  laser  described"  in  1982.  Envisioned  as  a  thin 
nim  of  diluent  doped  with  isomeric  nuclei  and  pumped  with  a  flash  of  x  rays  in  a  slab 
geometry,  the  question  of  feasibility  still  rests  on  the  degree  to  which  the  properties 
of  some  real  nuclide  approach  those  of  the  ideal  being  modeled.  What  has  changed  is' 
that  the  discovery  of  giant  pumping  resonances  enables  some  of  the  original  con- 
stramts  to  be  relaxed.  The  result  is  that  the  feasibility  of  a  gamma-ray  laser  is 
orders-of-magnitude  more  probable  than  originally  estimated  in  1 982.  Because  of 
this  substantial  improvement,  it  is  useful  to  recompute  the  model  in  terms  of  the  new 
data  obtained  in  the  past  five  years. 

Since  the  better  candidate  isomers  for  a  gamma-ray  laser  have  never  been 
fabricated  in  macroscopic  amounts,  the  precise  identity  of  the  best  nuclide  to  model  is 
not  known.  Moreover,  since  feasibility  is  such  a  complex  function  of  the  nuclear 
parameters,  the  assumptions  introduced  into  any  model  will  critically  affect  the 
estimates  of  feasibility  in  strongly  nonlinear  ways.  For  the  computation  reported 
here  the  following  parameters  were  assumed. 

1)  The  pump  band  j  in  Fig.  I  is  one  of  the  newly  discovered  giant  pumping 
resonances  with  a  partial  width  of  b.bjF  ■  I  eV. 

2)  The  pump  transition  is  centered  on  an  energy  Ej  ■  30  keV. 

3)  The  initial  slate  is  :a"uu.;'l  <o  be  i'omerir  wiih  an  excitation  energy  so 
high  that  2)  is  possible. 

4)  The’output  transition  is  around  1 00  keV. 

5)  The  nuclei  are  diluted  in  a  thin  Film  of  diamond  or  Be. 

■  6)  The  Borrmann  effect  contributes  a  factor  of  1 0  to  the  enhancement  of 
the  ratio  of  cross  sections  for  resonant  to  nonresonant  transitions. 

The  most  ^sitive  assumptions  are  those  about  the  width  and  activation  energy 
of  the  giant  pumping  resonance,  statements  2)  and  3).  The  range  of  excitation 
energies  over  which  isomers  can  be  found  is  very  large.  We  have  already  shown  that 
isomers  can  be  Aimped  into  the  freely-radiating  system,  even  through  AK  =  8  or 
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AK  >  14,  so  the  only  doubt  here  is  a  statistical  one;  whether  or  not  a  giant  pump 
resonance  can  be  found  within  30  keV  of  an  isomer. 

Following'  our  development"  of  1982.  under  small  signal  conditions  the 
midrange  requirement  of  10'^  is  obtained  for  the  pumped  fraction, 

N, 

_  >  lO'*  .  (6) 

N, 

This  sets  ihe  pump  intensity  needed  for  threshold,  and  with  it  the  amount  of  waste 
heat  to  dissipate. 

The  essential  concept  in  Ihe  management  of  the  thermal  economy  is  that  the 
mean  free  path  (MFP)  for  a  photon  resonant  with  the  nuclear  transition  is  much 
shorter  than  the  MFP  for  nonresonant,  photoelectric  absorption  to  produce  heat. 
Also,  Ihe  MFT  for  a  photoelectron  produced  in  Ihe  nonresonant  channel  is  greater  in 
the  diluent  than  the  MPF  for  the  photons  pumping  the  nuclear  resonance.  This  means 
that  a  thin  Film  of  diamond  can  be  doped  to  use  most  of  the  incident  photons  in  the 
bandwidth  of  Ihe  giant  pumping  resonance  white  the  majority  of  the  nonresonant 
photons  will  pass  through  the  film  into  Ihe  substrate  which  can  be  cooled  by  ablation 
or  cryogenics.  Moreover,  primary  photoelectrons  produced  by  the  small  fractipn  of 
nonresonant  events  in  the  film  can  escape  before  their  energy  is  degraded  to  heat. 

The  quantitative  expression  of  this  strategy  is  obtained  by  substituting  Eq.  (3a) 
into  (6)  and  assuming  a  single  giant  resonance  dominates  so  that  the  sum  is 
unhecessary.  Solving  for  ■  ‘PpFfEj.Eo).  and  using  the  previous  assumption  that 
each  pump  photon  carries  30  keV  gives  the  spectral  fluence,  Fj»E|6,  at  threshold, 

177  mJ  cm-JeV-i  .  (7) 

For  the  likely  cases  of  rare  earth  or  platinide  elements,  the  30  keV  pump  energy 
lies  below  the  K  edge  and  about  IS  keV  above  the  L  edge.  As  a  result,  the  primary 
photoelectrons  resulting  from  the  nonresonani  absorption  in  the  active  medium 
should  have  energies  of  the  order  of  I S  keV  and  ranges  of  6.0  and  3.0  um  in  Be  and 
C,  respectively.^’  Thus,  only  about  10%  and  20%  of  the  primaries,  respectively, 
should  be  stopped  in  a  0.67  pm  thick  host  film  of  Be  or  diamond.  This  is  the 
thickness  corresponding  to  the  MFP  for  resonant  absorption  at  a  concentration  of 
10%.  Then  the  fractions- of  the  energy  from  the  incident  pump  degraded  into  heat  in 
the  laser  film  because  of  nonresonant  absorption  become 

f(Be)-4.8x  10^  ,  (8a) 

f(C)- 2.4x10^  .  (8b) 

Considering  that  edge  filters  or  ablation  layers  could  reduce  the  bandwidth  of 
the  pump  radiation  to  3  keV  before  reaching  the  doped  layer  of  active  medium,  the 
incident  fluence  lying  outside  the  bandwidth  for  resonant  absorption  would  be  3000 
times  greater  than  the  value  of  Eq.  (7).  However,  only  the  fractions  of  Eqs.  (8a)  and 
(8b)  are  capable  of  being  degraded  into  heat  in  the  sensitive  layer.  The  resulting 
energy  balance  can  be  summarized  at  threshold  by  the  First  two  lines  of  Table  III. 
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[Xviding  those  fliiences  by  the  0.67  m"*  thickness  gives  the  energy  loading  of  the 
laser  film  shown  in  Table  III.  These  values  are  quite  significantly  below  the  levels  of 
heating  r«|uired  to  degrade  the  rKoil-free  fractions  in  the  case  of  the  diamond  lattice. 
Baldwin  has  summariicdi  the  involved  dependence  of  the  recoil-free  fraction  of  gamma 
transitions  upon  recoil  energy,  lattice  parameters,  and  temperature.  He  shows  that 
even  at  a  temperature,  T  ajual  to  the  Debye  temperature,  ©u  the  recoil-free  fraction 
is  not  significantly  degraded  (by  more  than  a  factor  of  2)  for  a  transition  even  as 
ener^tic  as  to  give  a  classical  recoil  energy  of  0.14  ©p.  In  diamond  with 
©P  ■  2230  K  this  means  a  transition  of  100  keV  is  little  affected  by  a  temperature 
increase  up  to  T  ■  @p. 

It  is  a  textbook  computation^  to  estimate  that  the  energy  content  of  the 
phonons  of  a  material  with  ©p  «  2230  K  at  a  temperature  of  T  “  ©p  is  about 
1 1  kJ  ci.»'*.  Comparing  this  with  the  estimated  loading  of  3.8  kj  enr?  gives  a  “safety 
factor”  of  almost  three.  A  comparable  margin  is  obtained  for  the  Be. 

Table  III 

Summary  of  the  thermal  economy  at  threshold  for  a  laser  nuclide  doped  into  a  film 
of  0.67  jiim  thickness  of  the  materials  shown. 


Lattice 


Be 


(diamond) 


Resonant  input  fluence 
Fluence  degraded  to  heat 
Resonant  energy  density 
Thermal  loading 


177  mJ  cm'^ 
127  mJ  cm'* 
2.6  kJ  cm  * 

1 .9  kJ  cm'* 


177  mJ  cm'* 
255  mJ  cm  * 
2.6  kJ  cm  * 
3.8  kJ  cm'* 


To  summarize,  it  is  convenient  to  recast  the  threshold  fluence  of  Eq.  (7)  into 
more  tangible  terms.  The  'pectral  fluence  of  T77  mJ  cm'*  eV''  corresponds  to 
530  J  cm  *  if  the  bandwidt!  of  the  pump  x  rays  is  arranged  to  be  3  keV,  a  practical 
separation  which  might  be  liltered  between  K  edges.  Even  if  pumped  instantaneously, 
so  that  no  waste  heat  -vere  transported  away,  the  thermal  loading  would  reach  only 
1/3  of  the  limit  fc  retaining  the  Mossbauer  effect.  If  derived  from  an  x-ray  line  of 
30  eV  width,  tiie  threshold  fluence  would  be'  only  5.3  J  cm'*.  In  that  case  the 
thermal  loading  would  reach  only  1/300  of  the  critical  limit  for  a  diamond  lattice. 

Even  beyond  this  point  much  can  be  done  to  reduce  heating  further.  All 
calculations  so  far  were  done  for  the  instantaneous  generation  of  the  waste  heat. 
The  time  for  the  transport  of  a  phonon  across  the  0.67  pm  thickness  of  the  working 
layer  is  of  the  order  of  only  100  psec  so  that  the  transport  of  significant  amounts 
of  heat  from  that  layer  into  a  diamond  heat  sink  is  pOisible  on  a  nanosecond  time 
scale.  Yet  most  of  the  fluorescent  levels  of  interest  for  inversion"  have  lifetimes  of 
tens  of  nanoseconds  to  tens  of  microseconds.  This  is  many  times  the  period  for  the 
transport  of  phonons  out  of  the  inverting  layer  so  that  more  orders  of  magnitude 
can  be  r^lized  in  reducing  the  thermal  loading  further  below  the  limits  speciFied  so 
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far.  However,  all  these  techniques  require  precise  knowledge  about  the  energy  levels 
and  absorption  edges  of  the  materials  involved.  Until  tlie  identity  of  the  best 
candidate  for  a  gamma-ray  laser  is  known,  the  exact  specifications  of  the  solution  to 
the  disposal  of  the  waste  heat  cannot  be  generally  articulated.  The  examples 
considered  here  show  that  there  are  many  orders-of-magnitude  in  the  safety  margin 
between  likely  amounts  of  heating  and  the  .nuch  larger  amounts  which  can  be 
tolerated  in  stiff  lattices  such  as  Be  and  diamond. 

The  greatest  significance  is  that  the  persistent  tenets  of  theoretical  dogma 
which  have  historically'  inhibited  the  development  of  a  gamma-ray  laser  are  eliminated 
by  studies  of  the  past  five  years  .  There  is  no  need  to  melt  the  host  lattice  in  order 
to  pump  a  nuclear  system  to  the  laser  threshold.  There  arc  no  a  priori  obstacles  to 
the  realization  of  a  gamma-ray  laser.  A  gamma-ray  laser  is  feasible  if  the  right 
combination  of  energy  levels  occurs  in  some  real  material.  The  overriding 
question  to  resolve  is  whether  or  not  one  of  the  better  of  the  candidate  nuclides  has 
its  isomeric  level  within  a  few  tens  or  even  hundreds  of  keV  of  one  of  the  giant 
resonances  for  dumping  angular  momenta. 
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A  y-ray  laser  would  stimulate  the  emission  of  radiation  of  wavelengths  below  I  A  from 
excited  states  of  nuclei.  However,  the  anticipation  of  a  need  for  high  pump  powers  tended 
to  discourage  early  research  and  the  difficulties  in  demonstrating  a  device  were  first  assumed 
to  be  insurmountable.  Over  the  past  decade,  advances  in  pulsed-power  technology  have 
changed  these  perceptions  and  studies  have  built  a  strong  momentum.  A  nuclear  analog 
of  the  ruby  laser  has  been  proposed  and  many  of  the  component  steps  for  pumping  the 
nuclei  have  been  demonstmi-’d  experimentally.  A  quantitative  model  based  upon  the  new 
data  and  concepts  has  shown  the  -y-ray  laser  to  be  feasible  if  some  real  isoibpe  has  its  prop¬ 
erties  sufficiently  close  to  the  ideals  modeled  The  greatest  positive  impact  upon  feasibil¬ 
ity  has  come  from  the  discovery  of  giant  resonances  for  pumping  nuclei  that  greatly  reduce 
the  levels  of  pump  power  needed. 


1.  iniroduction 

The  basic  plan  for  a  y-ray  laser  was  published  (Collins  et  al.  1982)  in  1982  and  now 
appears  in  the  textbooks  (Collins  1991 ).  In  the  decade  since  then,  research  on  this  topic  has 
been  rich  with  achievement.  The  feasibility  of  a  y-ray  laser  has  been  substantially  increased 
by  a  major  breakthrough  (Collins  ei  at.  1988b)  that  has  proven  the  basic  concept.  Subse¬ 
quent  development  has  focused  upon  applications  of  this  breakthrough  and  special  isoto¬ 
pic  samples  have  been  pumped  with  Bremsstrahlung  X-rays  in  a  nuclear  analog  of  the  ruby 
laser  (Collins  et  at.  1990;  Carroll  ei  at.  1991a). 

The  greatest  impediment  to  research  on  the  feasibility  of  a  y-ray  laser  has  come  from 
the  lack  of  suitable  materials.  There  are  1,886  distinguishable  nuc'rar  isotopes,  but  most 
do  not  occur  naturally  and  there  have  not  been  any  reasons  to  produce  them  artificially. 
In  1986,  a  computer-based  search  of  all  nuclear  properties  (Evaluated  Nuclear  Structure 
Data  File  1986)  identified  29  isotopes  as  first-class  candidates  for  a  y-ray  laser  (Collins 
et  al.  1992)  but  only  the  2  poorest,  '*’Ta"’  and  '^’Te,  could  be  acquired  for  testing.  Those 
are  the  ones  upon  which  the  breakthrough  discovery  of  the  giant  pumping  resonance  was 
made  (Collins  et  al.  1988b:  Carroll  et  al.  1989;  Collins  et  at.  1990;  Carroll  et  al.  1991h). 

The  better  candidates  for  a  y-ray  laser  have  nc  er  been  available  in  sufficient  quantities 
for  evaluation  and  recent  research  (Carroll  et  al.  1991u)  has  focused  instead  upon  19  sim¬ 
ulation  materials  that  may  teach  the  systematics  for  using  the  giant  pumping  resonances 
to  excite  nuclei.  However,  even  those  simulations  had  to  be  limited  to  physical  packages 
in  which  nuclei  were  not  bound  into  the  hosts  most  likely  to  preserve  a  laser-like  width  for 
the  fluorescence  lines.  Despite  the  difficulties,  the  results  on  those  simulated  candidates  were 
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extremely  encouraging  as  the  giant  resonances  for  pumping  were  found  in  many  of  them 
(Carroll  et  at  1991a).  1  he  significance  of  such  resonances  in  reducing  the  demands  for  pump 
power  in  a  hypothetical  laser  design  were  summarised  in  a  recent  review  (Collins  et  at.  1992). 
This  article  reports  more  recent  investigations  into  the  structure  and  systematics  of  the  giant 
pumping  resonances. 

2.  Technical  background 

2.1.  Theory 

The  essential  concept  driving  ihe  development  of  the  y-ray  laser  research  has  been  the 
“optical"  pumping  of  nuclei.  In  this  case,  optical  means  ,X-rays.  but  the  fundamentals  are 
the  same.  Useful,  resonant  absorption  of  pump  power  would  occur  ov  er  short,  distances 
to  produce  high  concentrations  of  excited  nuclei  while  wasted  wavelengths  would  be 
degraded  to  heat  only  in  much  larger  volumes.  In  the  blueprint  (Collins  et  al.  1982)  of  1982, 
this  nuclear.,^alog  of  the  ruby  laser  embodied  the  simplest  concepts  for  a  y-ray  laser  and 
not  surprisingty^e  greatest  rate  of  achievement  has  been  reported  in  that  direction. 

For  ruby,  the  identification  and  exploitation  of  a  bandwidth  funnel  were  the  critical  keys 
in  the  development  of  the  first  laser.  There  was  a  broad  absorption  band  linked  through 
efficient  cascading  to  the  narrow  laser  level  and  the  1982  theory  called  for  a  nuclear  ana¬ 
log  of  this  structure  which  was  unknown  at  that  time. 

Whether  or  not  the  initial  state  being  pumped  is  the  ground  state  or  a  long-lived  isomeric 
level,  the  principal  figure  of  merit  is  the  integrated  cross  section  for  pumping  an  output 
transition  through  such  a  broad  band,  nbaboTo^t/l.  Constituent  paratyieters  aiC  identified 
in  figure  I,  where  it  can  be  seen  that  the  branching  ratios  bj  and  b„  specify  the  probabili¬ 
ties  that  a  population  pumped  by  absorption  into  the yih  broad  level  will  decay  back  into 
the  initial  or  fluorescent  levels,  respectively.  It  is  not  often  that  the  sum  of  branching  ratios 
is  unity,  as  channels  of  decay  to  other  levels  are  likely.  However,  the  maximum  value  of 
partial  width  for  a  particular  level  j  occurs  when  b,  =  b„  =  0.5. 

For  a  sample  that  is  optically  thin  at  the  pump  wavelength,  a  computation  of  the  num- 


Figlre  1.  Schematic  representation  of  the  decay  modes  of  a  gateway  stale  of  width  P  sufficiently 
large  to  promote  bandwidth  funiieling.  The  initial  state  from  which  population  is  excited  with  an 
absorption  cross  section  ctq  can  be  either  ground  or  isomeric. 
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bcr  of  nuclei  pumped  into  a  nuorciccneeicvcl  in  the  schente  of  figuic  1  is  Mraiglii forward. 
Most  intense  X-ray  sources  cmi.t  edniinua  because  either  Bremsstrahlung  is  initially  pro¬ 
duced  or  spectral  lines  are  degraded  by  Compton  scattering  in  the  immediate  environment. 
The  time-integrated  yield  of  final-state  nuclei,  N,,  obtained  by  irradiating  .V  initial  targets 
with  a  photon  flu.s  ♦„  in  photons  cm'-  delivered  in  a  continuum  is 


N,=N.i>„l  o(E)r(E,E„)dE  (I) 

'  Jo  • 

where  is  the  distribution  of  ntensities  up  to  an  endpoint  energy  E„  within  the 

input  spectrum  normalized  so  that 

f'V(£,fo)d£  =  I  (2) 


and  a{E)  is  the  effective  cross  section  for  the  excitation  of  the  final  state  from  the  initial. 

All  (y,y')  reactions  occurring  at  energies  below  the  threshold  for  particle  evaporation 
excite  discrete  intermediate  states  of  nuclei  as  shown  in  figure  I .  Although  cvniy  one  inter¬ 
mediate  state  appears  in  the  figure,  there  could  be  more.  Each  would  be  excited  at  a  dif¬ 
ferent  pump  energy  but  all  would  branch  to  some  extent  into  the  same  fluorescence  level, 
/.  The yth  intermediate  is  shown  in  figure  I  as  typical. 

Although  the  width  of  level  j  is  broad  on  a  nuclear  scale,  it  is  narrow  in  comparison 
to  the  scale  of  energies,  E,  over  which  £(£,£„)  varies.  Then,  the  final-state  yield,  ex¬ 
pressed  as  the  normalized  activation  per  unit  photon  flux,  /!/(£„).  can  be  written  from 
equation  fl)  as 

1^1  J 

In  this  expression,  (oT)/,  is  the  integrated  cross  section  for  the  production  of  final  state 
Nf  as  a  result  of  the  excitation  of  the  intermediate  state  E,  with  Bremsstrahlung  having  an 
endpoint  of  £o  described  by  the  spectral  function  F(E,E„),  so  that 


=  J‘ 


o(£)d£ 


where  A  is  an  energy  small  compared  to  the  spacing  between  intermediate  states  and 
large  in  comparison  to  their  widths.  Levels  of  this  type  are  sometimes  called  gateways  or 
doorways.  '  ,  , 

It  is  straightforward  to  show  that 

=  (xb„b„r<7o/2)/j  ,  (4a) 

where  loo  is  the  peak  of  the  Breit-Wigner  cross  section  for  the  absorption  step  and 

2/,  -I-  I  I 

=  T"  Tfrr  “T7 

2ir  2/g  -t-  1  a,,  -t-  I 

where  X  is  the  wavelength  of  the  y-ray  at  the  resonant  energy,  Ej-,  /,  and  4  are  the  nuclear 
spins  of  the  excited  and  ground  states,  respectively;  and  is  the  total  internal  conversion 
coefficient  for  the  system  shown  In  f.gure  I. 

2.2.  Experimental  Confirmation 

In  experimental  work  of  the  last  5  years,  the  Bremsstrahlung  from  five  accelerators  in 
different  experimental  environments  was  used  to  verify  the  fluorescence  model  of  equa- 
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tions  (I)-(4b)  and  cross-check  the  accelerator  intensities  (Collins  et  al.  1992).  The  devices 
involved  in  those  efforts  v.ere  DNA/PITHON  at  Physics  International,  DNA/Aurora  at 
the  Harry  Diamond  Laboratories,  a  4-VleV  and  a  6-MeV  medical  linac  at  the  University 
of  Texas  Health  Sciences  Center,  and  the  superconducting  injector  to  the  storage  ring  at 
Darmstadt  (S-DALINAC).  Spectral  intensities  were  calculated  from  the  EGS4  coupled  elec¬ 
tron/photon  transport  code  (Nelson  el  al.  I98S)  adapted  for  each  individual  configuration 
from  closely  monitored  values  of  accelerator  currents.  In  this  way,  both  F{E,Eu)  and  <l>„ 
were  obtained.  In  some  case,  ♦()  was  separately  verified  by  in-line  dosimetry. 

During  these  experiments,  samples  with  typical  masses  of  grams  were  exposed  to  the 
Bremsstrahlung  from  the  five  accelerators  for  times  ranging  from  seconds  to  hours,  for 
the  continuously  operating  machines  and  to  single  flashes  from  the  pulsed  devices.  The  acti¬ 
vations,  A/  of  equation  (3a),  were  determined  by  counting  the  photons  spontaneously 
emitted  from  the  samples  after  transferring  them  to  a  quieter  environment.  Usual  correc¬ 
tions  were  made  for  the  isotopic  abundance,  loss  of  activity  during  irradiation  and  tran¬ 
sit,  counting  geometry,  self-absorption  of  the  fluorescence,  and  tabulated  efficiencies 
(Evaluated  Nuclear  Structure  Data  File  1986)  for  the  emission  of  signature  photons  from 
the  populations,  Ny.  The  self-absorption  correction  required  a  calculation  of  photon  trans¬ 
port  that  was  verified  in  some  cases  by  confirming  that  the  same  sample  masses  in  differ¬ 
ent  geometries  with  different  correction  factors  gave  the  same  final  populations. 

Results  were  in  close  agreement  (Anderson  ei  al.  1987;  Anderson  et  al.  1988a;  Ander¬ 
son  el  al.  1988b;  Collins  ei  al.  1988a)  with  the  predictions  of  equation  (3a)  used  with  liter¬ 
ature  values  of  (aDy,.  That  work  established  a  confidence  level  sufficient  to  support  the 
use  of  nuclear  activation  as  a,  means  of  selectively  sampling  the  spectra  of  single  pulses  of 
intense  continua  to  determine  absolute  intensities  as  functions  of  wavelength.  The  most 
detailed  confirmation  of  theory  was  obtained  with  the  reaction  *’Sr(7,7’)''’Sr"’.  Particu¬ 
larly  valuable  were  the  data  obtained  with  the  S-DALINAC  because  the  endpoint  of  the 
Bremsstrahlung  could  be  varied.  A  change  of  the  endpoint  energy,  Eo,  of  the  Bremsstrah¬ 
lung,  as  well  as  altering  <l>o,  modulates  the  spectra!  intensity  function  F{E,,Eq)  at  all  of 
the  important  energies  for  resonant  excitation  Ej.  The  largest  effect  occurs  when  Eo  is 
increased  from  a  value  just  below  some  intermediate  state  at  Ej  to  one  exceeding  it  so  that 
E(E;,Eo)  varies  from  zero  to  some  finite  value  as  shown  in  figure  2a. 

The  activation  efficiencies.  Ay,  calculated  from  equation  (3a)  using  the  literature  values 
(Booth  et  al.  1967;  Collins  et  al.  1990)  plotted  in  figure  2a  are  shown  in  figure  2b  with  the 
measurements  obtained  with  four  of  the  accelerators.  As  can  be  seen,  agreement  is  good 
between  the  different  accelerators  and  between  the  experimental  data  and  the  model  cal¬ 
culations. 

These  calibration  studies  served  to  confirm  both  the  traditional  mode!  of  nuclear  acti¬ 
vation  summarized  in  equations  (l)-(4b)  and  validate  the  use  of  the  EGS4  code  for  calcu¬ 
lating  Bremsstrahlung  intensities  from  measured  accelerator  paranieters. 

3.  Giant  pumping  resonances 

3.1.  Discovery 

Many  of  the  interesting  isomers  for  a  7-ray  laser  belong  to  the  class  of  nuclei  deformed 
from  the  normally  spherical  shape.  For  those  systems,  there  is  a  quantum  number  of  dom¬ 
inant  imptortance,  K,  which  is  the  projection  of  individual  nucleonic  angular  momenta  upon 
the  axis  of  elongation.  To  this  is  added  the  collective  rotation  of  the  nucleus  to  obtain  the 
total  angular  momentum  J.  The  resulting  system  of  energy  levels  resembles  that  of  a  dia¬ 
tomic  molecule. 
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Fioi  RE  2.  Aciivalion  efficiencies,  /t,,  for  Ihe  reaction  *'Sr(->.',  )'''Sr"'  are  shown  (lower)  as  func¬ 
tions  of  the  endpoint,  £„•  of  the  Bremsstrahlung  used  for, excitation.  The  solid  curve  in  the  lower 
panel  plots  values  computed  from  equation  (3a)  using  the  gateway  parameters  found  in  the  literature 
and  plotted  with  the  right  axis  in  the  top  panel  together  with  calculated  photon  spectra  like  that  given 
by  the  broken  line  and  plotted  with  the  left  axis  in  the  top  panel.  The  lower  phnel  compares  these  /I, 
values  with  measuremepts'obtained  from  four  different  accelerators. 


In  most  cases,  an  isomeric  state  has  a  large  lifetime  because  its  value  of  K  differs  con¬ 
siderably  from  those  of  lower  levels  to  which  it  would  otherw  ise  be  radiatively  connected. 
As  a  consequence,  bandwidth  funneling  processes  such  as  shown  in  figure  1  that  start  from 
isomeric  levels  must  span  substantial  changes  in  X  and  component  transitions  have  been 
expected  to  have  large,  and  hence  unlikely,  multipolarities. 

From  this  perspective,  the  candidate  isomer,  ‘‘“Ta",  was  the  most  initially  unattractive 
as  it  had  the  largest  change  of  angular  momentum  between  isomer  and  ground  state.  Bit. 
However,  because  a  macroscopic  sample  was  readily  available  '*<’Ta"’  became  the  first  iso¬ 
meric  material  to  be  optically  pumped  to  a  fluorescent  level. 

This  particular  isomer,  '*°Ta"’,  carries  a  dual  distinction:  It  is  the  raiest  stable  isotope 
occurring  in  nature  and  the  only  naturally  occurring  isomer.  The  actual  ground  state  of 
'*Ta  is  I  -h  with  a  halflife  of  8.1  h  while  the  tantalum  nucleus  of  mass  180  occurring  with 
0.012%  natural  abundance  is  the  9—  isomer,  "•‘’Ta"’.  It  has  an  adopted  excitation  energy 
of  75.3  keV  and  a  halflife  in  excess  of  1.2  x  10”  years. 

In  an  experiment  conducted  In  1987,  1.2  mg  '*®Ta'"  was  exposed  to  the  Bremsstrahlung 
from  the  6-MeV  linac  and  a  large  fluorescence  yield  was  obtained  (Collins  ei  al.  1988).  This 
was  the  first  time  a  reaction  had  been  excited  from  an  isomeric  target  as  needed  for 
a  y-ray  laser  and  was  the  first  evidence  of  the  existence  of  giant  pumping  resonances.  Sim- 
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Figure  3.  Activation  efficiencies,  .4,,  for  the  reaction  '’"’Ta"’(>.'y')'"'’Ta  are  >ho\vn  (lo«er)  as  func¬ 
tions  of  the  endpoint,  £„,  of  the  Bremsstrahlung  used  for  excitation.  Gatevsas  parameters  obtained 
by  fitting  the  data  using  equation  (3a)  are  plotted  with  the  right  axis  in  the  top  panel.  These  param¬ 
eters  were  determined  using  calculated  photon  spectra  like  that  given  by  the  broken  line  and  plotted 
with  the  left  axis  in  the  top  panel. 


ply  the  observation  of  fluorescence  from  a  milligram-sii  -d  target  proved  that  an  unexpected 
reaction  channel  had  opened.  Usually,  grams  of  material  has  been  required  in  this  type  of 
experiment.  Analyses  (Collins  et  at.  1988;  Carroll  et  at.  1991a)  of  the  data  indicated  that 
the  partial  width  for  the  dumping  of  '^''Ta"’  was  around  0.5  eV. 

To  determine  the  transition  energy,  f,,  from  the  '"hja'"  isomer  to  the  gateway  level,  a 
series  of  irradiations  (Collins  et  at.  1990)  was  made  at  the  S-DALIN.AC  facility  using  14 
different  endpoints  in  the  tange  from  2. 0-6.0  MeV.  The  existence  of  an  activation  edge  was 
clearly  seen  in  the  data  shown  in  figure  3b.  The  fitting  of  such  data  to  the  expression  of 
equation  (3a)  by  adjusting  trial  values  of  {aT)fj  provided  the  integrated  cross  sections  for 
the  dumping  of  '*”Ta'"  isomeric  populations  into  freely  radiating  states.  Reported  values 
(Collins  et  al.  1990)  are  summarized  in  table  1  and  shown  schematically  in  figure  3a. 


Table  I .  Recently  measured  values  (Collins  e/ o/.  1990) 
of  integrated  cross  section.  (oD/,,  for  the 
reaction  '*”Ta"’(7,7')'*'’Ta 


Energy 

or 

(MeV) 

(10-2’cm^  keV) 

2.8  ±0.1 

12,000  ±  2,000 

3.6  ±  0.1 

35,000  ±  5,000 

The  gateway  excitation  energies.  E,,  for  these  levels  are  given  at  the 
centers  of  the  ranges  of  energies  that  could  be  resolved  experimentally. 
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The  integrated  cross  sections  in  table  I  are  enormous  values  exceeding  anything  previ¬ 
ously  reported  for  transfer  through  a  bandwidth  funnel  by  two  orders  of  magnitude.  In 
fact,  they  are  10,000  times  larger  than  the  values  usually  measured  for  nuclei. 

3.2.  Systeniatics 

A  survey  of  19  isotopes  (Carroll  et  al.  1991a)  conducted  with  the  four  U.S.  accelerators 
over  a  fairly  coarse  mesh  of  Bremsstrahlung  endpoints  confirmed  the  e.xistence  of  giant  res¬ 
onances  for  breaking  K  in  the  region  of  masses  near  180  as  shown  in  figure  4.  Activation 
edges  continued  to  support  the  identifications  of  integrated  cross  sections  for  pumping  and 
dumping  of  isomers  that  were  of  the  order  of  10,000  times  greater  than  usual  values.  A 
study  (Carroll  etal.  1991b)  with  the  higher  resolution  of  the  S-DALINAC  showed  that  the 
giant  pumping  resonances  reappeared  at  lower  masses  near  120. 

3.3.  Structure 

As  encouraging  as  were  the  studies  showing  the  frequency  with  which  giant  pumping  res¬ 
onances  occurred  throughout  the  table  of  nuclides,  a  major  concern  remained.  To  lower 
pump  requirements  for  a  laser,  it  is  necessary  that  the  etT  be  large  but  not  sufficient.  In 
the  ideal  case  (Collins  ei  al.  1992),  the  integrated  cross  section,  aP,  would  be  elevated  by 
a  strong  width,  P  multiplying  a  cross  section  for  absorption  having  the  maximum  value  pos¬ 
sible,  2oo  from  equation  (4b).  In  that  case,  the  ratio  of  pump  power  per  unit  volume 
absorbed  resonantly  to  excite  nuclei  to  the  fraction  absorbed  nonresonantly  and  degraded 
to  heat  would  be  the  largest  possible,  an  important  factor  in  thermal  survival  (Collins 
et  ai.  1992). 

The  density  of  excited  states  is  high  in  the  nuclei  favored  in  figure  4,  and  is  especially 
so  in  '“'Ta  because  that  is  one  of  the  few  odd-odd  nuclei  known  to  be  stable.  It  could  have 
been  the  case  that  the  remarkable  magnitude  found  for  e P  in  the  dumping  of  the  popula¬ 
tion  of  "^a™  was  the  result  of  a  great  number  of  adjacent  but  small  (aT)fj  of  unremark¬ 
able  size  adding  in  equation  (3a)  to  give  a  surprising  total  yield.  If  so,  the  result  would  have 
still  been  exciting  but  much  less  helpful  in  rejecting  the  waste  pump  power  degraded  to  heat 
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Figure  4.  Integrated  cross  sections  for  pumping  isomeric  nuclei  obtained  in  the  survey  of  Carroll 
etal.  {1991c).  The  groupings  of  pumping  strengths  seen  correspond  to  mass  islands  between  magic 
numbers  for  neutrons  and  protons.  The  best  candidates  for  a  y-ray  laser  lie  within  the  island  con¬ 
taining  the  largest  values  of  integrated  cross  sections  corresponding  to  giant  pumping  resonances. 
Within  each  island,  the  integrated  cross  sections  vary  only  slowly  with  changing  mass  number,  A. 
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iCollins  ei  al.  1992).  To  show  that  this  unfortunate  possibility  was  not  tlic  case  required 
that  scattering  measureinents  be  done. 

From  figure  1,  it  can  be  seen  that  photoexcitation  events  that  do  not  lead  to  the  pop¬ 
ulation  of  different  final' states  should  be  detected  by  the  reemission  or  scattering  of  the 
incident  photon  initially  Absorbed  by  the  gateway  state.  In  analogy  with  the  (o\')„  of  equa¬ 
tion  (4a),  the  integrated  cross  section  for  scattering  can  be  written 

(®r')<(y  =  {xb^roij/2)^i  ,  (5) 

A  large  value  of  (oPloy  would  ensure  that  enough  photons  could  be  scattered  for  spectro¬ 
scopic  analysis  to  determine  at  what  energies  the  corresponding  resonances  could  be  e.\cited. 
in  the  event  \  ,  some  fraction  of  the  gateway  state  population  would  also  decay  to  the 
isomer  to  contribute  to  (oD/j  and  the  energies  for  excitation  of  some  of  the,  giant  pump¬ 
ing  resonances  could  be  determined. 

To  actually  perform  a  scattering  experiment  designed  to  show  the  pumping  resonances 
requires  a  nuclide  with  several  favorable  properties.  It  must  have  a  final  state  for  the  pro¬ 
cess  with  a  reasonable  lifetime  of  seconds  to  hours  and  be  available  in  gram  quantities  with 
isotopic  purity.  Beyond  such  practical  concerns  would  be  the  desire  to  have  the  nuclear 
structure  well  characterized  for  energies  below  those  at  which  giant  resonances  would  be 
expected.  With  these  constraints,  it  was  relatively  straightforward  to  identify  "*ln  as  an 
optimal  vehicle  for  a  first  test. 

An  experimental  arrangement  especially  designed  for  nuclear  resonance  fluorescence 
(NRF)  experiments  has  been  recently  described  (Ziegler  ei  al.  1990).  The  spectrum  of  the 
intense  Bremsstrahlung  produced  by  the  S-DALINAC  accelerator  was  calibrated  with  In/AI 
and  In/B  sandwich  targets,  which  provided  easily  resolved  reference  transitions  from  the 
Al  and  B  in  the  scattered  radiation.  To  cover  an  energy  range  Ej  =  1 .5-4.5  MeV ,  measure¬ 
ments  were  performed  at  endpoint  energies  Eq  =  3.1,  4.6,  and  5.2  MeV.  The  variation  of 
£o  also  provided  the  means  to  distinguish  ground-state  transitions  from  decays  to  excited 
states.  Detailed  scattering  spectra  are  shown  in  the  literature  (Neumann-Cosel  et  al.  1991). 

The  integrated  cross  sections  obtained  from  the  excitation  of  the  final  state,  "Mn"’,  and 
the  photon  scattering  are  shown  in  figure  5a.  The  excitation  energy  region  corresponding 
to  the  large  (uFl/y  values  is  shown  in  the  upper  part  of  figure  5a.  The  widths  6f  the  histo¬ 
grams  represent  the  experimental  uncertahU/  in  the  energies  of  the  intermediate  states  iden¬ 
tified  in  the  photoactivation.  The  striking  result  is  that,  except  for*a  few  moderate  levels 
around  3.0  and  3.7  MeV,  all  (7,7')  transitions  are  found  within  these  energy  regions.  Thus, 
Jhese  states  (or  a  part  of  them)  must  have  been  responsible  for  the  isomer  population.  No 
other  (7,7')  state  is  resolved  in  the  lower  part  of  figure  5a  up  to  =  5  MeV.  Together, 
these  results  confirm  that  all  important  intermediate  states  in  this  range  have  been  identified. 

Further  insight  was  attained  (Neumann-Cosel  et  al.  1991)  from  an  analysis  within  the 
unified  model.  In  the  case  of  "Mn,  the  configuration  space  is  built  by  proton  1/i-states 
(relative  to  the  semimagic  "‘Sn  nuileus)  and  \p-2h  states  across  the  major  shell  (relative 
to  "‘Cd)  coupled  to  collective  phonons  (up  to  three  quadrupole  and  two  octupole)  in  the 
underlying  cores.  The  two  subspaces  are  rnixed  by  a  residual  interaction  that  connects 
the  pairing  mode  describing  the  2A-core  ("^Cd)  coupled  configurations  with  the  surface 
model.  The  comparison  to  experiment  was  accomplished  by  first  computing  all  possible 
£  l/M  l/£2  upward  transitions  in  such  a  system.  Then,  for  states  with  a  large  partial  width 
for  transitions  to  the  ground  state  the  full  decay  cascade^as  taken  into  account.  In  this 
way,  model  values  for  (<rr)oy  and  (aF)/^  as  well  as  branching  ratios  were  determined 
(Neumann-Cosel  et  al.  1991).  In  accordance  with  the  experimental  results,  intermediate 
states  were  found  in  a  limited  energy  region  above  Ej  =  2.5  MeV  only.  Also,  typical  {aD/j 
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Figure  5.  Comparison  of  integrated  cross  sections  for  "Mn  as  functions  of  intermediate  slate 
energy,  £^,  obtained  from  (a)  experiments  and  (b)  unified  mbdel  calculations  reported  in  Neumann- 
Cosel  et  at.  '(1991).  In  each  case,  the  upper  panel  shows  values  of  {aT)/j  from  equation  (4a)  for 
phoioexciiaiion,  "Mn(y,y')"’ln"’,  while  the  lower  panel  describes  (aflo^  from  equation  (5)  for 
photon  scattering,  ''’ln(Y,>')"*ln. 


values  at  lower  energies  were  suppressed  by  a  factor  of  about  10-100.  The  total  number 
of  important  states  was  small,  in  agreement  with  the  experimental  NRF  results. 

Figure  5b  presents  the  model  results  for  comparison  with  the  experiments.  The  calcu¬ 
lations  show  a  rough  division  into  two  groups  that  might  be  related  to  the  experimental 
(oD/j  data.  A  one-to-one  correspondence,  however,  seemed  beyo.nd  the  limits  of  the 
approach.  Simply  summing  the  model  {aD/j  strength  compared  favorably  to'the  experi¬ 
mental  numbers.  The  overall  agreement  seemed  encouraging  and  indicated  that  no  major 
part  of  the  relevant  configuration  space  was  missed. 

A  detailed  analysis  of  the  main  decay  branches  revealed  a  clear  picture  of  the  important 
amplitudes  in  the  intermediate  state  wavefunctions.  All  theoretical  states  had  /  '  =  7/2 -H 
and  the  ground-state  coupling  was  dominated  in  all  cases  by  single-particle  lg9/2  “*  Hm 
spin-flip  transitions.  The  first  step  of  the  decay  of  the  isomer  in  the  model  calculations  pro¬ 
ceeded  mainly  via  £I  or  £2  transitions. 

The  critical  conclusions  of  these  scattering  studies  is  that  nuclear  structure  theory,  scat¬ 
tering  measurements,  and  the  photoactivation  experiments  all  agree  in  the  first  case  tested. 
The  giant  pumping  transitions  in  "*In  occurred  through  discrete  intermediate  states. 
Absorption  cross  sections  approached  those  ideals  of  equation  (4b)  needed  to  separate  the 
wasted  deposition  of  heat  from  the  excitation  of  nuclei  in  a  sample  pumped  with  intense 
X-rays. 


4.  Conclusions 

The  significance  to  laser  feasi’^ility  of  these  favorable  developments  from  scattering  stud¬ 
ies  may  be  appreciated  with  the  help  of  analogs  from  the  atomic  scale.  TSicrc  is  to  be  found 
the  familiar  increase  in  the  density  of  levels  available  for  excitation  as  transition  energies 
approach  the  limit  for  photoionization.  The  number  of  such  Rydberg  states  is  in  general 
of  the  order  of  where  n  is  a  principal,  quantum,  and  this  makes  it  difficult  to  pump 
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energy  into  a  selected  one  of  them  with  a  continuum  source  of  modest  spectral  width.  1  he 
general  difficulty  in  scaling  ^-ray  lasers  is  a  clear  illustration  of  this  problem.  It  seems  that 
it  is  only  the  rigor  of  coupling  schemes  for  angular  momenta  that  allow  the  few  cases  dem¬ 
onstrated  to  work  at  all. 

At  the  nuclear  level,  the  situation  could  have  been  even  worse.  Because  of  the  funda¬ 
mentally  different  potentials,  the  likelihood  is  much  greater  for  what  would  be  co'^  jJered 
multiply  excited  states  from  the  atomic  perspective.  The  level  density  is  more  diflicult  to 
specify  quantitatively,  but  an  approximation  of  exp(v'n)  is  reasonably  indi  -at.ve.as  exci¬ 
tation  energies  approach  s^hat  is  needed  to  remove  the  first  particle  in  a  photonuclcar 
reaction. 

•  Because  the  coupling  schemes  were  shown  to  be  weaker  in  the  nuclei  by  the  striking  effi¬ 
ciency  with  which  =  6.h  could  be  lost  in  '*‘’Ta,  there  was  a  clear  hazard  that  highly 
excited  nuclear  levels  could  not  be  selectively  excited.  Sum  rules  limit  the  strength  per  unit 
bandwidth  available  at  a  particular  transition  energy,  and  there  was  the  possibility  that  the 
sum  would  be  smoothly  distributed  over  the  great  numbet  of  levels  in  any  interval  of  high- 
excitation  energy.  Then,  the  deposition  of  pump  energy  into  nuclear  excitation  would  have 
been  diluted  into  a  much  larger  volume  by  the  small  cross  sections  available  to  any  com¬ 
ponent  transition.  That  did  not  happen  and  this  constitutes  a  second  breakthrough  of  impor¬ 
tance  comparable  to  the  first  achieved  by  dumping  the  population  of  "‘"Ta"'. 

The  giant  pumping  resonances  found  in  the  "Mn  study  show  the  transition  strength  is 
concentrated  into  relatively  few  discrete  lines.  The  nuclear  structure  model  identified  this 
particular  case  as  an  example  of  fragmented  spin-flip  transition  strength,  but  the  point 
critical  to  laser  feasibility  is  the  fragmentation.  Relatively  few  transitions  to  gateway  states 
collected  all  of  that  type  of  transition  strength  available  over  the  range  of  energies  from 
2-5  MeV.  The  actual  mechanism  of  the  fragmentation  was  less  clear,  having  arisen  from  de¬ 
tailed  unified  model  calculations. 

Although  only  resonances  for  the  "’in  excitation  have  been  studied  to  date,  the  system- 
atics  of  data  such  as  shown  in  figure  4  suggests  parallels  that  make  it  useful  to  speculate 
about  the  possible  origin  of  such  a  pervasive  phenomenon.  Recent  calculations  (Girod 
et  al.  1989)  have  shown  the  tendency  of  heavy  but  nonfissile  nuclei  to  develop  multiple 
potential  energy  minima  in  configuration  space  as  shown  schematically  in  figure  6.  Sec¬ 
ond  minima  of  this  type  would  contain  fission  isomers  for  even  higher  mass  numbers,  but 


0 

ECCENTRICITY 


Figure  6.  Schematic  representation  of  a  dependence  of  potential  energy  upon  nuclear  eccentricity 
that  would  tend  to  produce  a  second  local  minimum.  Shape  isomers  have  been  predicted  to  lie  in  such 
auxiliary  minima.  For  large  mass  numbers,  spontaneous  fission  can  occur  when  populations  tunnel 
out  of  the  secondary  well, _ . _ ^ . . . , _ 
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BEST  CAfODATtS  UE  HERE 


Ficuhe  7.  Integrated  cross  sections  from  figure  4  shown  together  with  the  excitation  energies,  Ej, 
of  the  giant  pumping  resonances  for  nuclidts  of  the  mass  numbers  plotted  as  abscissae.  Asterisks 
locate  the  energies  for  dumping  '“Ta"’  and  ’’'Hf for  comparison  with  the  energies  of  fission  iso¬ 
mers  from  Evaluated  Nuclear  Structure  Data  File  (1986),  given  with  their  error  bars.  These  energies 
are  plotted  using  the  rightmost  ordinate. 


for  cases  of  interest  here  the  Coulomb  barrier  would  l)e  too  great  to  allow  a  decay  from 
an  auxiliary  minimum  to  fission.  Although  purely  speculative  at  this  time;  it  is  interesting 
to  note  that  contributions  from  several  minima  might  tend  to  bunch  level  densities  while 
at  the  same  time  break  selection  rules  on  iC  by  failing  to  provide  a  fixed  core  shape  onto 
which  K-projections  of  angular  momentum  might  be  conserved.  Coincidentally,  the  exci¬ 
tation  energies  of  auxiliary  minima  is  of  the  order  of  a  few  MeV  in  even-even  nuclei,  which 
might  serve  as  cores  upon  which  would  be  built  the  single-particle  states  of  interest. 

Some  first  support  for  such  speculations  has  been  found  in  the  unexpected  enhancements 
measured  recently  for  the  deexcitation  of  the  isomer  (Walker  et  al.  1990).  There, 

also,  the  decay  of  the  isomer  was  found  to  occur  primarily  by  transition  through  an  inter¬ 
mediate  state  lying  at  2,685  keV  in  which  K  mixing  occurred  so  that  A/f  =  14  was  lost 
between  isomer  and  the  ground-state  band.  This  is  remarkably  close  to  the  energy  of  the 
^•mixing  level  at  2,800  ±  100  keV  for  '*®Ta  shown  in  figure  7.  The  close  similarity  of 
the  energetics  seen  for  nuclei  with  such  dissimilar  single-particle  structures  does  seem  to 
support  the  identification  of  this  ^T-mixing  process  with  some  type  of  core  property  vary¬ 
ing  only  slowly  among  neighboring  nuclei.  Of  great  curiosity  is  the  extent  to  which  the  exci¬ 
tation  energies  of  these  two  iiT-mixing  states  found  to  date  agree  with  energies  of  the  known 
fission  isomers  shown  in  figure  7.  Such  correlation  would  be  expected  if  these  phenomena 
had  a  common  origin  In  shape  isomerism. 

It  %em$  reasonable  to  conclude  that  the  first  breakthrough  in  determining  the  feasibil¬ 
ity  of  a  y-ray  laser  has  been  followed  by  a  second.  The  proof  that  isomeric  populations 
can  be  dumped  by  pumping  them  with  intense  pulsrs  of  X-rays  has  been  followed  by  this 
demonstration  that  the  transition  strengths  for  doing  so  are  fragmented  into  relatively  few 
discrete  transitions  of  great  intensity.  These  are  precisely  the  necessary  conditions  for  the 
concentration  of  useful  pump  power  into  the  selective  excitation  of  nuclear  populations 
while  dissipating  power  degraded  to  heat  in  much  larger  volumes. 


- 
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A  method  of  obtaining  absolute,  direct  measurements  of  the  spatial  and  spectral  charattcnsticr, 
of  bremsstrahlung  is  discussed.  This  technique,  called  x-ray  activation  of  nuclei  ( XAN )  is  based 
on  the  use  of  well-known  photonuclear  reactions  which  populate  long-lived  nuclear  isomers 
These  populations  sample  inc  Jenf  photon  continua  at  discrete  excitation  energies  and  effectively 
store  this  information  for  convenient  retrieval  following  the  irradiation  of  gram-si/cd  targets 
Recently  a  series  of  experiments  has  been  conducted  which  has  significanily  expanded  the 
available  data  for  the  photoexcitation  of  a  wide  range  of  isomers  at  higher  energies  Thus  it  has 
become  feasible  to  extend  the  use  of  XAN  to  energies  approaching  4  MeV  The  utility  of  this 
technique  is  demonstrated  by  the  characterization  of  bremsstrahlung  from  the  newly  installed 
research  linac  at  the  University  of  Texas  at  Dallas. 


I.  INTRODUCTION 

Linear  electron  accelerators  (linacs)  and  pulsed  power 
e-beam  devices  have  become  indispensable  as  sources  of 
bremsstrahlung  for  a  wide  variety  , of  applications.  Linacs 
are  now  common  in  medical  radiology,'  nuclear  physics^ 
and  industry*  for  the  irradiation  of  a  broad  range  of  ma¬ 
terials.  The  uses  of  e-beam  devices  are  less  familiar  but  no 
less  important  and  large  machines  are  employed  exten¬ 
sively  as  nuclear  simulators*  to  test  the  effects  of  radiation 
on  electronics  and  other  hardware.  They  have  also  been 
used  for  nuclear  physics  research.’  ‘  These  diverse  applica¬ 
tions  and  their  procedures  have  been  established  over  a 
period  of  years  yet  there  remains  a  common  impediment  to 
the  use  of  such  intense  photon  sources.  This  is  the  difficulty 
in  accurately  and  directly  measuring  the  spectral  proper¬ 
ties  of  the  bremsstrahlung  needed  to  calibrate  the  output  of 
the  accelerator  or  pulsed-power  machine. 

Many  techniques  have  been  develojscd  for  the  charac¬ 
terization  of  bremsstrahlung.  the  most  prevalent  of  which 
is  based  upon  traditional  measurements  of  the  dose  of  ab¬ 
sorbed  radiation.  This  quantity  is  routinely  and  accurately 
measured'  with  ionization  chambers  or  thermoluminescent 
dosimeters  (TLDs)  for  either  flash  or  continuous  expo¬ 
sures.  Since  the  dose  can  be  a  useful  indicator  of  the  overall 
photon  flux  it  is  the  basis  of  calibration  procedures  em¬ 
ployed  in  most  medical  and  industrial  applications  and  in 
monitoring  the  radiation  produced  by  nuclear  simulators.’ 
However,  dose  is  a  convolution  of  the  photon  spectrum 
with  appropriate  absorption  coeflicients  which  depend  con¬ 
tinuously  upon  wavelength'  so  it  is  not  possible  to  explic¬ 
itly  determine  the  energy  distribution  of  the  bremsstrah¬ 
lung.  Instead  the  usual  practice*  is  to  use  dose 
measurements  to  normalize  spectra  computed  with  sophis¬ 
ticated  Monte  Carlo  codes*'"  such  as  EGS4,  GEANT,  or 


TIGER  The  utility  of  these  programs  has  been  extensively 
examined  and  the  accuracy  of  their  results  has  been  dem¬ 
onstrated  experimentally  even  when  modeling  relatively 
complex  geometries  "  "  Still  this  procedure  may  be  sus¬ 
pect  when  used  for  e-beam  devices’  since  the  simulations 
rely  heavily  upon  timc-resoUcd  values  of  voliagc  and  cur¬ 
rent  which  are  needed  as  inpui  parameters,  hut  which  arc 
very  difficult  or  even  impossible  to  measure 

An  improvement  on  traditional  dose  methods  has  been 
devised'*  in  which  a  set  of  TLDs  is  irradiated,  the  TLDs 
being  enclosed  within  small  spheres  of  assorted  matenals 
like  aluminum  and  depleted  uranium.  The  dosimeters  reg¬ 
ister  various  measurements  attenuated  by  the  shielding 
provided  by  the  "differential  absorbers"  and  these  values 
are  deconvolved  to  give  the  spectrum  of  the  incident  radi¬ 
ation.  This  method  has  been  effectively'*  used  to  charac¬ 
terize  bremsstrahlung  flashes  from  e-beam  devices  but  it 
cannot  provide  informaiion  for  photon  energies  above 
about  1  MeV,  for  which  there  is  little  variation  in  the  trans¬ 
parency  Of  the  absorber  matenals.  The  form  of  the  spectra 
obtained  is  also  quite  sensitive  to  the  initial  shape  assumed 
in  the  calculation 


Other  techniques  are  available  which  provide  spectral 
characterizations  of  MeV  bremsstrahlung  but  even  the  sim¬ 
plest  of  these  is  seriously  limited  in  its  usefulness.  The  most 
straightforward  approach"  is  to  allow  a  well-shielded  de¬ 


tector  pla,.ed  at  a  large  distance  from  the  photon  source  to 
observe  a  very  small  fraction  of  the  total  flux  through  a 
pinhole  collimator.  With  this  arrangeir.enTttnrencrgy  dis¬ 
tribution  can  be  directly  measured  as  a  pulse-height  spec¬ 
trum  of  the  photons  that  are  individually  detected.  How¬ 
ever,  in  addition  to  the  requirement  of  a  large  working 
environment,  long  exposures  arc.needed  for  the  accumula¬ 


tion  of  reasonable  statistics  that  cannot  be  achieved  with 


most  low  duty  cycle  e-beam  devices. 
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A  more  complex  method'*  is  that  of  nuclear  resonance 
fluorescence  (NRF)  which  provides  an  excellent  means  of 
calibrating  bremsstrahlung  spectra  by  using  (y,)'')  reac¬ 
tions  to  resonantly  scatter  large  numbers  of  photons  from 
gram-si2ed  targets.  The  incident  spectral  distribution  is  ob¬ 
tained  at  discrete  excitation  energies  from  known  reaction 
cross  sections.  Yet  NRF  procedures  arc  limited  by  the 
'large  amount  of  shielding  needed  for  detectors  that  observe 
the  scattered  photons  in  real  time  and  by  the  necessity  for 
long  continuous  exposures.  Compton  spectrometers  are 
also  quite  useful  but  require  simple'irradiation  geometries” 
and  are  often  large  and  expensive.'*  Finally  there  are  pho¬ 
toactivation  methods  that  rely  on  the  detection  of  fluores¬ 
cence  from  (y,n)  reaction  products.  Samples  are  irradiated 
with  either  continuous  bremsstrahlung  or  flashes  of  x  rays 
and  are  transported  to  a  quieter  environment  for  counting. 
However,  only  two  isotopes  permit  this  type  of  reaction  at 
incident  photon  energies”  below  4  MeV  so  this  method  has 
no  utility  for  calibrating  many  bremsstrahlung  sources. 
E>espite  the  variety  of  characterization  techniques  available 
there  is  a  clear  and  present  need  for  a  new  approach  which 
is  equally  applicable  for  the  calibration  of  linacs  and 
e-beam  devices.  It  should  also  be  sensitive  to  photon  ener¬ 
gies  up  to  several  MeV  and  be  simple  and  portable  in  its 
implementation. 

The  x-ray  activation  of  nuclei  (XAN)  procedure  is 
ideally  suited  to  meet  this  need  while  avoiding  the  prob¬ 
lems  inherent  in  other  methods.  The  fundamental 
concept^  was  first  suggested  in  the  1940's  but  has  only 
been  applied  in  the  quantitative  fashion  of  XAN  since 
1987,  primarily  for  the  characterization  of  flashes  of  x  rays 
from  large  pulsed-power  machines.^'"^’  This  basic  idea  is 
similar  to  that  of  NRF  in  that  nuclear  transitions  are  used 
to  measure  the  spectral  intensity  of  bremsstrahlung  at  dis¬ 
crete  excitation  energies.  However,  in  NRF  scattered 
gamma  rays  are  detected  in  real  time  at  intensities  that  are 
only  slightly  above  a  dominant  Compton  background.  In 
XAN  the  focus  is  on  the  detection  of  fluorescence  from 
long-lived  nuclear  states  called  isomers  which  are  pro¬ 
duced  by  (7,y')  reactions  so  it  is  not  necessary  to  count 
samples  in  situ.  Instead  targets  containing  isomeric  nuclei 
in  their  ground  state  are  irradiated  and  then  transported 
either  pneumatically  or  by  hand  to  a  simple  gamma- 
spectrometer  system.  With  useful  halflives  ranging  from 
seconds  to  hours,  populations  of  nuclear  isomers  sample 
bremsstrahlung  spectra  and  effectively  store  the  informa¬ 
tion  for  convenient  retrieval.  The  equipment  and  samples 
needed  to  implement  XAN  are  relatively  inexpensive,  por¬ 
table,  and  reusable  and  the  target  package  occupies  very 
little  space  in  the  irradiation  environment. 

In  the  i>ast  XAN  has  been  primarily  applied”'”  to  the 
characterization  of  bremsstrahlung  with  photon  energies 
no  higher  than  about  1.5  MeV  due  to  the  paucity  of  infor¬ 
mation  on  (y,/)  reactions  which  populate  isomers.  Re¬ 
cently  the  nuclear  database  has  been  expanded  by  a  series 
of  investigations^*"”  of  the  photoexcitation  of  a  wide  range 
of  isomers.  Thus  it  has  been  feasible  to  extend  the  applica¬ 
bility  of  XAN  up  to  energies  approaching  4  MeV,  making 
it  possible  to  calibrate  a  wider  range  of  photon  sources. 
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FtO  1  Schematic  repiesenialior.  of  the  population  of  a  nuclear  isomei  h> 
a  (y.y')  reaction  The  incident  photon  y  is  absorbed  with  a  cross  section 
Of,  by  the  /''  gaiewas  sho*n  having  a  natural  width  P.  The  probabilities 
that  the  intermediate  state  decays  directly  back  to  the  ground  state  and 
either  directly  or  by  cascade  to  the  isomer, are  b,.  and  respectively 
Photons  promptly  emitted  during  the  population  of  the  isomer  are  the  y' 

The  utility  of  this  approach  is  demonstrated  by  the  mea¬ 
surement  of  spatial  and  spectral  distributions  for  brems¬ 
strahlung  produced  by  the  recently  installed  Texas-X  re¬ 
search  linac  at  the  University  of  Texas  at  Dallas. 


II.  THEORETICAL  BACKGROUND 

The  irradiation  of  a  sample  containing  N-j-  target  nuclei 
in  some  initial  state  by  bremsstrahlung  results  in  a  popu¬ 
lation  of  iV^  nuclei  in  a  given  final  state  according  to 

rE^  d<P{E) 

a{E)-^dE,  -  (1) 

where  the  photon  continuum  is  described  by  an  endpoint 
E^  that  equals  the  electron  energy  and  a  time-integrated 
spectral  intensity,  d<P{E)/dE  that  gives  the  photon  fluence 
per  unit  energy  bandwidth.  The  excitation  reaction  is  de¬ 
scribed  by  the  energy-dependent  cross  section  aiE). 

The  XAN  technique  is  based  on  the  photoexcitation  of 
nuclear  isomers  which  are  metastable  due  to  the  large  mul¬ 
tipolarities  required  for  their  electromagnetic  decay  to  lev¬ 
els  at  lower  energies.”  This  also  inhibits  the  inverse  pro¬ 
cess  so  isomers  are  not  significantly  excited  by  direct 
absorption  transitions  from  the  ground  state.  Instead  at 
energies  below  the  photoneutron  threshold,  isomers  are 
produced  by  the  two-step  process  illustrated  in  Fig.  1  in 
which  an  incident  photon  designated  by  y  ‘s  resonantly 
absorbed  by  a  higher-lying  level.  The  metastable  level  is 
then  populated  by  a  branch  of  the  decay  cascade  from  the 
intermediate,  or  ‘'gateway"  state  with  promptly  emitted 
photons  being  the  y'-  This  process  is  equivalent  to  band¬ 
width  funneling  which  is  so  familiar  in  laser  physics.  The 
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standard  notation  for  this  reaction  is  X(y,y')X”,  in  which 
X  and  X""  represent  the  participating  nucleus  in  its  ground 
and  isomeric  states,  respectively. 

It  has  been  demonstrated  experimentally”  *®  that  gate¬ 
ways  are  well  separated  and  have  widths  that  are  large  on 
a  nuclear  scale  but  small  compared  to  the  structure  of 
broad  brcmsstrahlung  coniinua.  Since  the  spectral  inten¬ 
sity  is  a  constant  over  each  gateway,  Eq.  ( I )  reduces  to  . 


(2) 


where  the  fractional  activation.  A  has  been  introduced  and 


(or)j=(wb,^boaor/2)j  .  (3) 

is  the  integrated  cross  section  for  production  of  the  isomer 
through  the  /**  gateway  having  an  excitation  energy  Ej. 
For  each  intermediate  state  the  integration  is  performed 
over  a  Lorentiian  line  shape  itasing  the  natural  width  of 
the  level,  r  =  (#ln  2)/T|^2  with  Ti/;  being  its  halflife.  The 
summation  in  Eq.  (2)  includes  all  gateways  whose  excita¬ 
tion  energies  are  less  than  the  brcmsstrahlung  endpoint.  In 
the  process  depicted  in  Fig.  I  the  probabilities  that  a  gate¬ 
way  will  decay  directly  back  to  the  ground  state  and  either 
dirKtIy  or  by  cascade  to  the  isomer  are  bQ  and  b,„,  respec¬ 
tively.  The  quantity  Oq  is  one  half  of  the  peak  cross  section 
for  the  absorption  resonance  and  is  given  by  the  Dreit- 
Wigner  formula'* 

,4, 

“  2tr27o+la  +  r 

in  which  A  is  the  wavelength  of  the  incident  photon,  and 
/q  are  the  angular  momenta  of  the  gateway  and  ground 
states,,  respectively,  and  a  is  the  internal  conversion  coef¬ 
ficient  for  the  absorption  transition. 

In  the  most  ideal  implementation  of  XAN  several  iso¬ 
meric  nuclides  would  be  chosen,  each  of  which  possessed 
only  one  gateway  which  satisfied  the  condition  Ej<,Eq.  The 
summation  of.Eq.  (2)  would  then  reduce  to  a  single  teim. 
If  integrated  cross  sections  were  available  in  the  literature 
for  these  gateways  either  as  direct  evaluations  or  from  the 
quantities  in  Eqs.  (3)  end  (4),  it  would  be  a  simple  matter 
to  obtain  the  incident  spectral  intensity  at  each  of  the  Ej 
from  measured  activations  Unfortunately  the  nuclear  data 
only  support  the  identification  of  one  isotope,  '*’Ba  which 
fulfills  this  criterion  for  EqKA  MeV  within  experimental 
limits.  Other  isomeric  nuclei  whose  lifetimes  and  fluores- 
emee  energies  are  ronvenient  for  measurements  and  whose 
gateway  structures  are  well  known  all  possess  multiple  in- 
tennediate  nates.  Thus  it  is  necessary  to  employ,  a  more 
omiplex  procedure  to  determine  the  spectral  distribution 
ttf  bremstrahling.  In  this  demonstration  of  the  XAN 
method,  the  cali  iration  isotopes  ”Br,  **Sr,  '”ln,  and  '*’Ba 
were  chosen  sln^  gram-siz«l  samples  were  readily  avail¬ 
able.  The  pteway  parameters  and  additional  relevant 
quantities  for  ’.heir  isomers  are  listed  in  Table  1.  Other 
isomeric  nuclides  such  as  ”Se,  *”Hf,  ”’lr,  ”*Au,  and 
arc  also  sufficltatly  well  characterized”'*'  to  support  their 
use  for  XAff,  and  in  some  cases  may  provide  additional 
$p«tral  rerolution.  _ 


TABLE  I  Relevant  qyintilies  tor  the  iwmeni-  nuflHlfv  employed  in  il,u 
work  Gilewaj  energies.  £,  and  intcgiated  ertsv  vecliom.  lot )  wete 
oblaineil  from  the  liierature  »s  either  direct  evaluations  ( Refv  26.  2*.  11, 
«t)  or  calculated  from  the  parameters  (Ref  40)  of  (J)  and  (4) 
Unceftaisttcs  in  the  £  were  on  the  oider  of  3^  w  hile  those  for  the  tot  | . 
were  on  the  order  of  1$%  The  fluorescence  energies.  .  are  the 

primary  vignalurev  (Ref  35)  of  ihe  decay  of  the  isomers 


Isomer 

T,,. 

(keV) 

(MfVI 

(of  )  (10  vm' krV) 

”Br" 

*9  % 

201 

•0  76; 

59 

18 

65 

•’Sr" 

28  h 

318 

1  2 

1$ 

16 

2-7 

430 

"'In- 

4S  h 

336 

II 

18  7 

1  4 

64 

16 

to  1 

28 

540 

33 

760 

"’Ba" 

2  6  mm 

662 

32 
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III.  EXPERIMENTAL  DETAILS  AND  RESULTS 

A.  General 

Irradiations  were  performed  with  brcmsstrahlung  from 
the  Texas-X  research  linac  recently  installed  at  the  Univer¬ 
sity  of  Texas  at  Da..wa  The  Texas-X  was  designed  to  pro¬ 
duce  nominal  4-MeV  electrons  in  pulses  of  2.78-fxs  dura¬ 
tion  with  a  repetition  rate  of  360  Hz.  This  gave  a  duty  cycle 
of  1/1000  and  a  time-integrated  current  of  ISO/rA  for  the 
exjXKures  used  in  this  work  The  accelerator  was  emplaced 
in  an  underground  facility  with  internal  dimensions  of  2.6 
m  height,  7.3  m  length,  and  2  9  m  width.  Only  the 
magnetron/waveguide  assembly  resitied  m  the  chamber 
and  this  was  oriented  such  that  the  electron  beam  propa¬ 
gated  horizontally  along  the  long  dimension  of  the  room  at 
a  height  of  1.4  m  from  the  floor.  The  electrons  exited  the 
modified  Varian  waveguide  through  a  2  mil  (51  /am)  win¬ 
dow  composed  of  a  49:1  alloy  of  Cu  and  Be.  Brcmsstrah¬ 
lung  was  produced  by  electrons  that  impinged  normally  o.i 
a  2.5  cmX2.5  cm,  3-mm  thick  tantalum  converter  helo 
within  a  large  water-cooled  copper  Jacket.  The  converter 
was  located  2.7  cm  from  the  exit  window.  For  energi..s 
near  4.0  MeV  the  range*^  of  electrons  in  naturally  dense 
tantalum  is  about  3  g  cm"*  or  0.17  cm.  Thus  x  rays  pro¬ 
duced  from  the  converter  constituted  thick-target  brems- 
strahlung. 

B.  Electron  beam  properties 

Measurements  were  made  of  the  properties  of  the  elec¬ 
tron  beam  prior  to  irradiating  nuclear  targets.  Stopping 
range  experiments  were  performed  using  aluminum,  cop¬ 
per,  and  graphite  sheets  of  different  thicknesses  as  attenu¬ 
ators.  Electrons  passing  through  these  filters  were  collected 
by  an  aluminum  block  and  the  excess  charge  was  rKorded 
from  the  voltage  across  a  50-0  load  using  an  oscilloKope 
and  trace  digitizing  software.  Typical  data  obtained  using 
aluminum  attenuators  are  shown  in  Fig.  2(a)  and  plot  the 
charge  delivered  to  the  collector  during  each  pulse  m  a 
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FIG.  2.  (a)  Eleciror  stopping  measjjremenls  obtained  using  aluminum 
attenuators  The  symbols  plot  the  relative  charge  delivered  to  the  alumi¬ 
num  collector  during  each  linac  pulse  as  a  function  of  attenuator  mass 
thickness  The  eatrapolated  range  was  found  to  be  /?,„  =  2. 19  g  cm  '  ’  and 
ubies  in  the  litenture  indicated  (Ref.  34)  that  this  corresponded  to  ah 
electron  energy  of  3.55  MeV.  (b)  horizontal  profile  of  the  electron  beam 
determined  at  a  distance  of  2  7  cm  from  the  CuBe  eait  window.  The 
symbols  plot  the  charge  collkled  by  a  large  aluminum  plate  as  it  was 
moved  across  the  beam.  Values  ranged  from  zero  when  no  part  of  the 
^m  was  intercepted  to  a  maximum  when  all  electrons  were  stopped. 
The  best  fit  to  the  dau  was  a  Gaussian  having  a  half  radius  ^,,,=0  69  cm. 
This  defined  the  spot  size  of  the  electron  beam  at  a  distance  corresponding 
to  the  entrance  to  the  converter  foil 

function  of  filter  mass  thickness.  An  extrapolated  range  of 
2.19  g  was  obtained  from  these  data  and  tables  in  the 
literature^  indicated  that  this  corresponded  to  an  electron 
energy  of  3.55  MeV.  The  average  of  values  determined 
from  stopping  experiments  conducted  with  different  mate¬ 
rials  gave  £o=3.6±0.1  MeV. 

The  spatial  profile  of  the  electron  was  measured  by 
using  a  10  cmX  10  cm,  2-cm-thick  aluminum  plate  to  scan 
across  the  beam.  This  plate  was  oriented  so  that  its  large 
area  faced  the  exit  window  at  a  distance  of  2.7  cm.  Figure 
2(b)  plots  the  collected  charge  as  a  function  of  its  relative 
horizontal  position  and  this  varied  from  zero  when  no  part 
of  the  beam  was  intercepted  to  a  maximum  when  all  elec¬ 
trons  were  stoppied.  The  best  fit  to  these  and  similar  data 
obtained  by  vertical  scans  at  this  distance  was  a  Gaussian 
having  a  radial  half  width  of  0.69  cm.  This  defined  the 
electron  spot  size  at  the  entrance  plane  to  the  converter 
and  the  half  angle  for  the  electron  divergence,  0,=  13.5*. 
The  beam  axis  was  determined  from  scans  conducted  at 
various  distances  from  the  exit  window  and  a  small  HeNe 
laser  affixed  to  a  stable  platform  was  used  to  identify  the 
axis  for  further  experiments. 

C.  Bremsstrahfung  spatiat  distribution 

Although  the  strength  of  XAN,  lies  in  its  ability  to 
provide  spectral  characterizations  of  bremsstrahlung,  spa- 
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FIG  3  Typical  pulw  hcighl  spectrum  obtained  from  an  "’In  sample 
using  a  sundard  Nal(TI)  spectrometer  The  sample  had  been  irradiated 
for  15  min  and  was  counted  for  5  min  The  peak  'at  336  keV  was  the 
fluorescence  signature  (Ref  35)  of  the  decay  of  "’in'*  while  that  at  392 
keV  resulted  from  the  decay  of  another  indium  isomer,  "’in” 


tial  distributions  can  also  be  obtained.  In  this  work  the 
axial  dependence  of  x  rays  from  the  Texas-X  was  investi¬ 
gated  by  using  metallic  indium  disks  1.0  cm  in  diameter 
and  0. 127  mm  thick  as  well  as  plastic  planchettes  5.0  cm  in 
diameter  and  0.8  cm  thick  containing  BaFj  in  powder 
form.  In  each  case  the  calibration  isotopes  of  "^In  and 
'”Ba  were  present  in  their  natural  abundances.  The  sam¬ 
ples  were  oriented  to  face  the  beam  and  were  placed  at 
various  distances  along  the  beam  axis.  Following  their  ir¬ 
radiation  the  targets  were  transported  by  hand  to  a  stan,- 
dard  Nal(Tl)  spectrometer  system  to  obtain  pulse-height 
spectra.  A  typical  example  is  shown  in  Fig.  3  for  an  indium 
sample  exposed  for  15  min  and  counted  for  5  min.  The 
fluorescence  signature’’  of  the  decay  of  "’in'"  was  the 
large  photopcak  at  336  keV  while  the  smaller  peak  to  its 
right  resulted  from  the  decay  of  a  less  well-characterized 
isomer,  "’in!".  Fractional  activations  wTre  determined 
from  the  measured  numbers  of  counts  in  the  full-energy 
peaks  using  standard  corrections  for  the  finite  lifetimes  of 
the  isomers,  the  detection  and  emission  efficiencies,  and  the 
transparencies  of  the  samples  to  the  fluoresc-.vice  gamma 
rays.  This  last  correction  factor  was  computed- by  a  simple 
Monte  Carlo  code  that  was  tested  to  insure  that  samples  of 
identical  mass  but  in  different  configurations  would  give 
the  same  activation. 

Fractional  activations  normalized  to  irradiation  time 
for  the  indium  and  barium  samples  are  shown  in  Fig.  4. 
The  data  are  plotted  as  functions  of  where  R  —z—Zq, 
z  is  the  axial  distance  from  die  converter  and  Zq  is  an  offset 
included  to  account  for  the  extended  nature  of  the  photon 
source.  The  exnected  behavior  was  observed  in  the  mea- 
surerments  and  in  the  results  of  EGS4  simulations  of  the 
ph:.-ilon  flux  passing  through  the'sample  areas.  The  offset 
was  found  to  be  Zo=  —  (2.5±0.5)  cm  which  coincided 
with  the  location  of  the  CuBe  exit  window. 

The  radial  dependence  of  the  bremsstrahlung  was  de¬ 
termined  by  irradiating  a  set  of  thin  (0.127  mm)  indium 
samples  at  several  axial  distances.  These  foils  were  fash- 
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no.  4.  Axial  dependtfiet  of  the  bremsstrahlung  deienhined  from  mea- 
lured  fractional  activations  A  normalized  to  irradiation  time  for  the  cal¬ 
ibration  isotopes  "*In  and  ’’’Ba  The  symbols  are  plotted  as  functions  of 

where  /?  =  *— and  ze=  -(2.5±0  5)  cm  This  offset  corresponded 
10  the  spacing  between  converter  and  exit  window  The  expected  behavior 
was  observed  in  the  measurements  and  in  the  curves  which  resulted  from 
EGS4  simulations. 

toned  in  the  form  of  concentric  annuli  in  radial  increments 
of  0.5  cm  and  a  circular  central  target  1 .0  cm  in  diameter. 
A  total  diameter  of  8.0  cm  was  covered  by  the  set  of  eight 
samples.  The  total  photon  flux  striking  each  annulus  was 
taken  to  be  well  represented  by  the  fractional  activation  of 
each  sample  due  to  the  division  by  Afy  in  Eqs.  { 1 )  and  (2). 
This  was  justified  because  the  number  of  target  nuclei  was 
directly  proportional  to  the  mass  and  therefore  to  the  area 
of  each  sample.  It  was  assumed  that  there  was  no  signifi¬ 
cant  variation  in  spectral  content  across  the  annuli.  Radial 
distributions  mapped  in  this  way  are  shown  in  Fig.  5  and 
indicate  the  beam  profiles  at  each  axial  position  at  which 
samples  were  irradiated.  Profiles  at  z>  5  cm  were  described 
by  Gaussians  whose  halfwidths  were  proportional  to 
To  display  the  information  in  a  more  familiar  form  the 
radiation  lobe  was  obtained  by  connecting  values  of  a  given 
relative  intensity  in  the  radial  profiles.  The  shape  of  this 
lobe  evidenced  the  expected  qualitative  behavior  for  thick 
target  bremsstrahlung**  and  a  half  angle  for  the  photon 
intensity  was  found  to  be  9^„  =  2y.  This  was  in  excellent 
agreement  with  the  sum  of  0,  and  the  mean  angle  for  the 
emission  of  thick-target  bremsstrahlung  from  collinear  rel¬ 
ativistic  electrons** 

0„=y-'  =  (29;)/£’o  (5) 

Here  y  is  the  relativistic  gamma  factor  and  the  electron 
energy  is  expressed  in  MeV.  For  3  6-MeV  electrons, 
S„= 8.06*  giving  9, ,,=21. 6*. 


FIG.  5.  Radial  dependence  of  ihe  bremsstrahlung  determined  from  frac. 
lional  activations  A  normalized '  to  irradiation  lime  of  indium  annular 
samples  exposed  at  various  disunces  along  the  beam  axis  Radial  profiles 
are  plolic'*  at  each  distance  and  demonstrate  the  spread  of  the  radiation 
lobe.  Data  for  some  of  the  annuli  at  i  cm  could  not  be  obuined  due  to 
instrumentation  problems.  The  shape  of  the  lobe  was  obtained  by  con- 
necting  values  of  a  given  relative  intensity  in  the  radial  profiles  and  evi- 
denced  the  expected  qualitative  behavior.  The  half  angle  for  the  brems¬ 
strahlung  was  found  to  be  $^  =  21". 

Spatial  distributions  were  also  obtained  from  dose 
measurements  made  with  an  ionization  chamber  whose ' 
calibration  was  traceable  to  NIST  and  are  shown  in  Fig.  6. 
Again  the  expected  axial  dependence  was  observed  and  the 
angular  dose  profile  determined  at  a  distance  of  60  cm  from 
the  converter  was  in  good  agreement  with  that  given  by 
fractional  activations  and  by  a  Gaussian  function  with  a 
half  angle  of  22*.  ,  . 

D.  Bremsstrahlung  spectral  distribution 

The  spectral  distribution  was  examined  by  irradiating 
the  full  set  of  the  calibration  nuclides  listed  in  Table  I. 
Planchettcs  containing  the  compounds  BaFy  and  SrFj  in 
powder  form  and  an  indium  disk  were  exposed  for  times  on 
the  order  of  15  min  and  transported  by  hand  from  the  linac 
chamber  to  the  spectrometer  system.  In  the  case  of  the 
bromine  isotope  the  short  lifetime  (4.9  s)  necessitated  the 
pneumatic  transfer  of  a  cylindrical  sample  5.0  cm  in  length  , 
and  1.0  cm  in  diameter  containing  LiBr  through  a  plastic 
tube  to  a  Nal(n)  well  scintillator.  The  “rabbit”  was  irra¬ 
diated  axially  for  20  s.  Additional  electronics  were  used  to 
initiate  its  transport  by  turning  on  a  standard  shop  vacuum 
and  to  signal  its  arrival  in  the  detector  well,  thereby  begin¬ 
ning  the  acquisition  of  a  pulse-height  spectrum.  As  out¬ 
lined  before,  fractional  activations  normalized  to  the  expo¬ 
sure  times  were  determined  from  the  fluorescence 
observed.  These  values  are  listed  in  Table.  II  and  were  nor¬ 
malized  to  an  axial  position  of  z=  30  cm. 


F!G.  6.  Phoion  intensiii«  detemiintd  from  do«  measurements  made 
with  a  calibrated  ionization  chamber  showing  (a)  axial  dependence  and 
(b)  angular  dependence  of  the  bremsstrahlung  In  both  cases  the  data 
evidenced  the  expected  behavior  observed  in  the  results  of  isomeric  acti¬ 
vations.  In  (b)  both  dose  and  photoactivation  measurements  are  included 
as  well  as  a  curve  given  by  a  Gaussian  distribution  with  half  angle  of  22*. 


The  application  of  Eq.  (2)  to  the  '^’Ba  datum  yielded 
a  spectral  intensity  of  (8.96±0.62)  X  10*  cm“^  s”'  keV"' 
at  £y=3.2  MeV.  Prior  to  proceeding  with  the  complete 
analysis  it  was  instructive  to  see  to  what  degree  the  end¬ 
point  could  be  determined  by  a  simple  approach.  Assum¬ 
ing  that  only  the  large  gateway  at  2.7  MeV  produced  the 
measured  activation  for  ‘’Sr",  the  spectral  intensity  at  that 
energy  was  found  to  be  2.1X  lO’  cm~^  s“‘  keV”'.  An  un¬ 
certainty  was  not  assigned  to  this  value  due  to  the  p-ature  of 
the  approximation.  It  was  expected  that  the  eneigy  depen¬ 
dence  near  the  endpoint  of  the  spectrum  cou.J  be  described 
as  a  linear  function  since  photons  in  t!  .s  region  were  for 


TABLE  It.  Fractional  activations  nor.aalizcd  to  exposure  lime  obtained 
from  samples  containing  the  four  calibrations  isomers  used  in  this  work. 
These  values  were  employed  for  the  determination  of  the  spectral  inten¬ 
sity  of  the  irradiating  bremsstrahlung  and  have  been  normalized  to  z=  30 


Normalized  frictional  activation 

Isomer 

(10-'*$"') 

"Br- 

1,46  ±003 

"Sr- - 

- .  0.889  ±0.03 

">In- 

1.77  ±0.01 

"’B*- 

0.197  ±0.01 3 

FIG  7.  Integrated  cross  sections  and  excitation  energies  for  the  gateways 
listed  in  Table  I  for  the  population  of  the  four  calibration  isomers  The 
simplified  mesh  used  to  determine  the  spectral  distnbution  of  the  brems. 
strahlung  was  obtained  by  grouping  the  gateways  into  the  bands  show  n 
The  energy  representing  each  band  was  the  average  of  the  for  the 
enclosed  states  weighted  by  their  integrated  cross  sections 


the  most  pan  due  to  single  interactions  within  the  con¬ 
verter.  This  is  the  basis  of  the  traditional  KuhlenkampIT 
approach”  and  has  been  proven  to  be  applicable  even  for 
thick-target  bremsstrahlung.”  Following  this  idea,  a  linear 
fit  was  made  to  the  spectral  intensities  obtained  above  and 
gave  an  endpoint, energy  of  3.58  MeV,  in  remarkable  agree¬ 
ment  with  the  results  of  electi  on  stopping  measurements. 

The  determination  of  bren  sstrahlung  spectral  intensity 
in  XAN  is  equivalent  to  solving  a  system  of  equations. 
Unfortunately  in  this  applica  ion  the  nuclides  of  Table  I 
possessed  a  total  o'  1 1  gatewa;  rs  giving  an  equal  number  of 
unknowns  (at  each  of  the  E-,  while  there  were  only  four 
equations  available  from  the  measured  activations.  Al¬ 
though  this  could  not  be  solved  exactly,  an  iterative  pro¬ 
cedure  was  used  to  obtain  the  spectrum.  The  basic  strategy 
was  to  employ  a  simplified  gateway  mesh  to  arrive  at  suc¬ 
cessive  approftimations,  working  from  the  known  value 
fixed  by  the  '”Ba  activation  towards  lower  energies.  Con¬ 
vergence  was  tested  at  each  step  by  using  a  fitted  energy 
distribution  to  calculate  expet  ted  values  for  the  fractional 
activationc  of  the  calibration  iromers  and  comparing  these 
with  the  measurements.  The  o  ily  assumption  made  regard¬ 
ing  the  spectral  shape  was  tha  the  natural  logarithm  of  the 
energy  distribution  was  smoothly  and  slowly  varying  and 
could  be  represented  well  by  a  low-order  polynomial  above 
about  0.5  MeV  where  self  ibsorption  in  the  Ta  target 
would  not  be  significant. 

The  simplified  gateway  mesh  was  defined  by  the  five 
bands  shown  in  Fig.  7.  The  rhoice  of  the  groupings  was 
obvious  for  those  intermediati :  states  lying  near  3.25,  2.75, 
and  0.76  MeV  but  the  remtining  gateways  were  more 
evenly  spaced  and  were  simp  y  divided  into  two  bands  at 
1.25  and  1.82  MeV.  These  energies  were  averages  of  the  Ej 
for  the  included  states,  weigited  by  the  relative  sizes  of 
theit  integrated  cross  sections  which  were  summed  to  give 
the  (ctF)  for  each  group.  Using  these  bands  an  approxi- 


mate  system  of  three  equations  in  three  unknowns  was 
obtained  by  neglecting  the  lower  band  at  0.76  MeV.  The 
known  spectral  intensity  at  3.2  MeV  was  also  used  to  re¬ 
move  contributions  to  the  activations  due  to  that  band. 
Expressed  in  matrix  form  this  was  (suppressing  units  for 
convenience) 

(oD  y=A,  ..  (6a) 

where 

/  8.5  16  430\ 

(trr)=|  0  65  0  j, 

V92  8  0  540/ 

idMim/dEs' 

^=1  d<l>(l.82)/d£  j, 

\d<l>(2.75)/d£/ 

and 

/0.8895 

A=  I  0.639  jxlO’®,  (6d) 

\j.09  /  .  . 

and  having  the'solution 


In  this  first  approximation  the  result  obtained  at  1.25  MeV 
was  unphysical  since  no  significant  self  absorption  should 
occur  at  that  energy  and  this  indicated  that  the  spectral 
intensity  was  seriously  overestimated  between  1.82  and 
2.75  MeV.  Therefore  an  upper  bound  on  the  energy  distri¬ 
bution  was  found  by  fitting  the  natural  logarithm  of  inten¬ 
sity  to  a  quadratic  function  of  £  expressed  in  MeV  using 
the  values  of  Eq.  (7)  above  1.25  MeV  and  the  known  value 
at  3,2  MeV, 

^,{£)  =  (8.41xl0’®)exp(-4.74£-t-0.592£^).  (8) 

The  form  of  Eq.  (8)  is  shown  in  Fig.  8  as  the  curve  labeled 
••Step  I.” 

Fractional  activations  were  calculated  with  this  func¬ 
tion  and  the  full  set  of  gateways  listed  in  Table  I.  These 
were  found  to  be  larger  than  the  measured  values  by  fac¬ 
tors  of  2.45, 1.61,  and  3.22  for  ”Br,  *’Sr,  and  "*In,  respec¬ 
tively.  The  next  approximation  was  to  lower  the  upper 
bound  accordingly.  To  diminish  the  magnitude  of  the  fit 
more  at  lower  energies  than  near  the  fixed  value  at  3.2 
MeV,  ^,(I.82)  =  1.08xH^  was  reduced  by  the  average 
overestimation  of  the  activations,  2,43.  A  new  fit  was  ob¬ 
tained  using  sp^tral  intensities  of  4.43  XlO’,  1.62  XlO’, 
and  8.96x  I(J*  at  1.82,  2.75,  and  3.25  MeV.  This  gave 

fi(£)  =  (2.17X  l(^)exp(  -0.f37£-0.0753£^).  (9) 

Fractional  activations  ramputed  using  Eq.  (9)  differed 
from  the  measurements  1^  0,838,  I.0I  and  1.21  for  ”Br, 
*’Sr,  and  "*In,  r€sp«:tively,  with  an  average  factor  of  1.02. 
Sin<%  this  was  well  within  the  fractional  un«rtainty  intro¬ 
duce  by  the  inte^te  cr<^  sections  of  Table  I,  the  fitting 
procedure  was  terminated.  Therefore  the  second-order  fit 
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'  FIG  8.  Spectral  intensity  of  the  bremsstrahlung  determined  from  frac- 
lional  activations  of  the  calibralion  isomers  The  dashed  curve  plots  the 
result  of  the  first  iteration  of  the  analytical  procedure  and  represented  an 
overestimation  of  the  flu*  which  worsened  at  energies  away  from  the  fised 
value  at  3.25  MeV.  The  symbols  ploi  ihe  result  of  the  second  and  final 
iteration  al  the  five  band  energies  of  Fig  7  Error  bars  estimate  the  on- 
certainly  introduced  by  the  procedure  since  the  size  of  the  symbols  is 
comparable  to  the  statistical  error  For  companson  a  spectrum  calculated 
using  EGS4  for  the  experimental  geometry  and  maienals  and  £(,  =  }6 
MeV  is  shown  as  the  histogram  and  includes  statistical  errors  Good 
agreement  was  in  evidence  between  Ihe  results  of  XAN,  EGS4.  and  mea- ' 
suremenis  of  the  dose  delivered  by  the  photon  continuum  of  the  figure 


of  Eq.  (9)  provided  the  final  spectral  measurements  shown 
in  Fig.  8  along  with  a  spectrum  computed  with  EGS4  for 
the  experimental  geometry  and  materials  and  for  an  end¬ 
point  of  3.6  MeV.  Despite  the  good  agreement  seen  in  the  - 
figure,  the  weakness  of  the  approach  was  that  it  required  an 
extrapolation  outside  the  better  determined  region  of  1.25- 
3.25  MeV  in  order  to  obtain  spectral  intensities  at  lower 
energies.  Generally  such  an  extrapolation  is  suspect  but  in 
this  case  was  justified  by  the  assumption  of  slow  variation 
for  tfie  natural  logarithm  of  the  energy  distribution. 

As  confirmation  of  the  spectrum  of  Fig.  8,  a  calcula¬ 
tion  was  made  of  the  dose  that  corresponded  to  the  EGS4 
result.  Normalized  to  a  distance  of  z=  1  m  this  was  found 
to  be  269  rad  min~',  agreeing  within  4%  of  the  measured 
value  of  280  rad  min"'. 

The  fractional  activations  measured  for  the  calibration 
isotopes  could  have  contained  contributions  from  any  neu¬ 
tron  flux  present  within  the  linac  chamber  during  the  irra¬ 
diations.  To  test  for  the  presence  of  thermal  neutrons,  each 
indium  spectrum  like  that  shown  in  Fig.  3  was  inspected 
for  evidence  of  fluorescence  from  the  isomer  "‘In"^  hav¬ 
ing  a  halflife**  of  54.15  min.  This  isotope  docs  not  occur 
naturally  and  therefore  if  present  its  isomer  could  only 
have  resulted  from  neutron  capture  by  the  stable  "*ln.  No 
photopeaks  were  observed  in  the  spectra  which  would  have 
indicated  the  presence  of  "‘in"*  and  an  upper  bound  on 
the  ambient  thermal  neutron  flux  was  found  to  be  #,<5 
cm"*s"*  from  the  known  cross  section.”  In  instances 
where  a  stable  parent  was  available  for  neutron  capture 
(“Sr  and  '^Ba),  this  flux  was  sufficient  to  have  produced 


(6b) 

(6c) 


less  than  0.001%  of  the  measured  activations.  Fast  neu¬ 
trons  were  not  expected  to  be  present  in  significant  num¬ 
bers  due  to  the  limited  photon  energies. 

It  is  important  to  note  that  the  photoexcitation  of  nu¬ 
clear  isomers  can  provide  a  valuable  tool  for  the  charac¬ 
terization  of  bremsstrahlung  even  if  XAN  is,  not  fully  im¬ 
plemented  with  a  set  of  calibration  isotopes!  As  di.scussed 
in  Ref  13  the  activation  measured  for  the  population  of  a 
single  isomer  such  as  *’Mn'"  can  serve  to  quite  effectively 
test  and  normalize  computed  spectra.  That  procedure  can 
provide  a  considerable  improvement  over  traditional  dose- 
normalization  techniques  since  bremsstrahlung  is  sampled 
as  a  discrete  rather  than  a  continuous  convolution  of  the 
spectral  shape.  However,  a  spectrum  computed  with  a 
Monte  Carlo  code  is  still  required  as  a  starting  point  in 
those  alternative  approaches. 

IV.  DISCUSSION 

The  XAN  technique  provides  an  ideal  method  for  ob¬ 
taining  absolute  measurements  of  the  spectral  and  spatial 
distributions  of  bremsstrahlung  while  requiring  relatively 
simple  and  proven  equipment  and  samples  that  avoid  prob¬ 
lems  inherent  in  other  methods.  The  target  package  used  is 
also  small,  portable,  and  reusable.  Although  its  utility  was 
demonstrated  by  the  characterization  of  x  rays  from  a  lin¬ 
ear  accelerator,  XAN  is  equally  well  suited  to  the  calibra¬ 
tion  of  e-beam  devices.  However,  the,  present  accuracy  of 
the  technique  is  limited  to  about  15%  due  to  the  available 
nuclear  data  and  the  nature  of  the  approach  employed  to 
analyze  the  measured  activations.  Still  it  was  not  necessary 
to  introduce  any  a  priori  assumptions  regarding  the  spec¬ 
tral  shape  other  than  that  the  natural  logarithm  of  the 
intensity  was  slowly  varying  above  about  0.5  MeV.  What 
remains  for  the  future  is  the  refinement  of  the  analytical 
approach  and  its  extension  to  higher  energies  as  further 
improvements  are  made  to  the  nuclear  database. 
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Low-energy  conversion  electron  Mossbauer  spectroscopy  using 
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■  A  daeciion  jystem  for  conveiiion  decuon  Moubauer  spectroscopy  is  described  A  chevron 
mictochanite!  plare  assembly  attached  to  a  two-stage  docircsutic  lens  b  used  to  preferentially 

-  . - - detect  dectrom  with  enagies  «(l5  eV.  Mossbaua  spectra  collected  with  these  dectrotts  can  <— 

provide  uiformation  about  a  variety  of  solid-state  surface  phenomena. 


I.  INTRODUCTION 

Conversion  electron  MOssbauer  spectroscopy'"* 
(OEMS)  b  a  lc»-nobe  spectroscopic  technique  based  on 
the  detection  of  conversion,  Auger,  and  secondary  dec- 
irons  emiiied  from  a  material  as  a  result  of  the  de- 
acitation  of  MOssbauer  nuclei  It  provides  information 
about  Ihe  environment  in  which' these  sensitive  nucid  are 
embedded.  However,  the  range  which  can  be  probed  with 
the  mdhod  b  limited  by  the  escape  depth  of  the  dectrons 
in  the  material.  For  *’Fe  the  mean  electron  range  in  ntd 
ullk  iron  has  been  reported  to  be  57  and  36  nm  for  the  7.3 
and  5.4  keV  conversion  and  Auger  dectiuns,  repectivd^ 
— =»»  It  has  been  shown  that  the  component  with  energies  vlS 
eV  comprises  about  50%  of  the  loul  signal  and  provides 
information  from  the  top  5  nm  of  the  sample.**’  Because 
the  range  of  those  dectrons  b  so  short;  they  can  provide 
specific  information  about  a  variety  of  solid-sute  surface 
phenomena  and  aid  in  the  characterization  of  implanted 
layers.*"” 

In  thb  anicle  we  discuss  the  design  and  construction  of 
a  tdativdy  simple  spectrometer  that  was  used  to  sdec- 
tivdy  and  dhcienily  detect  thb  low-energy  component.  It 
was  based  upon  a  chevron  mioochannd  plate  (MCP)  as¬ 
sembly  with  an  active  diameter  of  25  mm  that  served  as  the 
daecior.  A  iwo-suge  dectrasuiic  lens  was  used  to  prefer- 
entiaOy  focus  and  accelerate  low-energy  dectrons  from  the 
largd  to  the  detector.  Thb  acederation  increased  the  ea- 
er0  ct  the  dectrons  to  a  levd  more  compatible  with  the 
sensiiMiy  of  the  uiput-<««microchannd  plate. 

The  deteciton  of  higher  energy  signal  dectrens,  which 
escape  from  and  provide  information  a^t  deeper  regions 
of  the  i»get,  could  serve  as  a  source  (^‘contamination"  to 
the  d^ial  in  dut  carry  hide  or  no  information  about 
the  surfKe  dleos  bdng  liwesti^ted.  The  number  of  these 
dectnms  detected  was  tedw^d  to  negligible  levels  by  min- 
bnizing  the  geometrical  solid  angle  between  the  Mcissbauer 
target  and  die  M<7  ssembly.  Thb  was  possible  since  the 
in|ecior1es  (rf  the  more  energetic  dectroitt  were  no(  signif¬ 
icantly  focused  the  rdative^  weak  dectrostatk  fidds  of 
tteietb. 


II.  EXPERIMENTAL  DETAIL 
A  Apparatus 

Figure  1  shows  the  atperimental  arrangement  used  in 
these  measurements.  A  *’Co(  Pd)  source  with  a  nominal 
activity  of  10  mCi  was  mounted  on  a  Doppler  motor  ex- 
temtl  to  the  vacuum  chamber  conuining  the  sample  and 
dectron  detector  and  provided  the  14  4-keV  MOssbauer 
radiation  To  optimize  the  passage  of  resonant  y  rays  into 
the  urget  chamber  a  thin  entrance  window  was  con¬ 
structed  from  titaniura.  The  14,4-keV  y  rays  were  only 
slightly  attenuated*^  the  window  dfidendy  filtered  out  a  <— 
significant  number  of  the  lower  enogy  x  rays  that  were 
produced  by  the  decay  of  source  nucid.  Without  filtering, 
these  X  rays  would  have  seriously  degraded  the  perfor¬ 
mance  of  the  detection  system. 

Low-ener0  dectrons  emitted  from  the  target  were  col¬ 
lected  with  a  two-stage  aperture  lens.  The  MCP,  target, 
dectrkal  feedthrough,  and  dectroatatic  lens  tyere  mounted 
as  an  integral  unit  on  a  6-in.  vacuum  flange.  Thb  provided 
fc»  convenient  mounting  and  removal  of  the  entire  assem. 
bly  from  the  vacuum  chamber  for  adjustments  to  the  target 
geometry.  The  angular  position  of  the  MOssbauer  ta^et 
with  -'tspect  to  the  direction  of  the  source  y  rays  ^ 
adjusted  by  rotating  it  about  the  vertical  axb.  Data  were 
typically  collected  witb  the  target  at  a  45*  angle  with  re¬ 
spect  to  the  ddector  nb  and  the  inddeni  radiation. 

The  chamber  was  Initially  evacuated  with  an  Akatd 
CFF-4S0  turbomolecular  pump  (IMP)  to  a  pressurt  of 
about  3  X  1C"’  Torr.  However,  vfbratioes  from  the  IMP 
seriously  degraded  the  resonant  absorpUtm  In  the  absorber 
and  could  not  be  used  to  maintain  the  vacutun  ttece^ry  to 
operate  the  chevron.  To  provide  for  vibratiooles  pumping, 
a  140  rf  a  Varian  diode  Vaclon  pomp  was  used  to  maintain 
the  required  pressure  of  2x  10~*  Toit.  It  b  important  to 
note  that  such  pumps  operate  ^  ksizbig  gss  in  a  magnd- 
ically  confined  oold-cathode  dbudiarge  Thus  ptqier  pre- 
caudoos  had  to  takes  to  prevest  Mutral  anl  diargad 
paniclesfs^li^d  ttlmvitdet  radladoo  from  escaping  4e 
from  the  Vaclns  pump  ud  degrading  the  perfomance  of 
the  detectc;.  To  avoid  thb  difficulty  a  line-of-sight  baffie 
was  used  that  cossbted  of  sbt  auKcssive  apentve  plates. 

Thb  was  inserted  betwees  the  Vaclon  pump  and  largri 
chamber  with  the  apertures  staggered  to  a  helical  pattern. 
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FlC  I  Scbemtiic  dtjfrta  o(  (h«  opoimaiul  amn^emenf 

e.  Lent  detign 

The  structure  and  dimensions  of  the  lens  used  in  this 
work  arc  shown  in  Fig.  1  The  steering  of  Lhc  electrorus  was 
performed  primarily  by  thepoteatxal  gradients  esubUshed 
berween  two  annular  rings  mounted  inside  a  wire  cylinderv 
The  rings  had  a  common  outer  diameter  of  12.7  cm  and 
inner  diameters  of  2.5  and  6.4  cm.  respectively.  The  overall 
length  of  the  lens  was  14  cm.  It  not  only  served  to  focus 
and  accelerate  electrons  to  the  detector,  but'  also  as  a  Far¬ 
aday  shield  isolating  the  lens  elements  from  the  ground 
potential  of  the  chamber  walls  due  to  the  Inclusion  of  end- 
caps  on  the  assembly.  This  minimized  the  number  of  noise 
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FIG.  2.  Dnwis(  of  the  iwoeSet^t  deetroD  lai  eeu|a«d  to  dBdoiUy 
colteet  doafODA  h<vlD|  cBerpa  eV.  The  stoerioc  ^  etetroai  wts 

. .  palbraed  friaurily  by  the  potential  fradienu  e^abtiabad  betwosi  X| 

Md  Xj.  With  the  induaioB  of  the  endeapa  oa  the  aaicBbty.  the  lou 
lyHOD  aot  only  aerved  to  tbau  aod  acedme  dectrani  to  the  deioeior 
hipttt  ptau.  but  alaoaa  a  Faraday  ea|e  ia  diiddiof  ihetcnadcBhaita  trace 

_ the  treund  potentiat  and  noise  doarons  of  the  dtamber  wdta.  The  opii- 

•«m  eperatia{  biasei  for  the  tens  woe  found  to  be  Kt|*  **2817  V. 

-1W7  V,  and  •-ZTS?  Vwhea  the  chevron  was  operated  at 

- 1414  V  and  the  MCF  f  rW  at  -  ttTO  V. 

2  fitv.  M.  tneinim^  Vol.  m  Ho.  f,  Soptnmhor  im 


FlC.  X  Qrcuii  dutraos  of  ihe  wppcriiA|  Cicciranics  for  ibe  chevron 
micrachannd  ptsie  asenNy 

photodecuons  produced  inside  the  chamber  that  entered 
the  sensitive  region  of  the  detector. 

To  model  the  lens  and  to  determine  the  optimum  po- 
tentials  for  the  various  elements  the  promm  EGN2C  was 
employed  which  is  traceable  to  SLAC"  This  program  is 
designed  to  calculate  trajeaories  of  charged  particles  in 
electrostatic  and  magnetostatic  fields  and  is  capable  of  in. 
eluding  effects  due  to  spacocharge  and  self-magnetic  fields 
In  this  work  these  elfects  were  not  investigated.  Input  to 
the  program  included  electrode  boundary  conditions  and 
initial  conditions  for  electrons  emitted  from  the  surface  of 
the  target. 

Various  electron  emission  configurations  including 
plane  waves  and  point  sources  were  simulated  lot  electrons 
with  energies  ranging  from  IS  eV  to  7J  keV.  Biases  were 
found  that  achieved  kn  eSectWe  solid  angle  for  collection  of 
nearly  2vsteradians  for  electroi^th  energies  below  is  eV 
and  are  indicated  in  Fig.  2.  A  circuit  diagram  of  the  sup¬ 
porting  dectronics  for  the  MCP  assembly  b  shown  in  Fig. 
3.  Simulations  indicated  that  dte  leas  had  a  negligible  eOxt 
on  the  trajectories  of  dectrons  with  energies  greater  than 
about  100  eV  for  the  biases  ured.  The  detection  efBcieacy 
for  these  electrons  was  then  solely  defiuoj  ty  the  geomet- 
tical  solid  angle  between  the  detector  and  the  urget. 

C  Nolaa  reduction 

To  obtain  MOssbauer  spectra  with  large  signal-to-noise 
tadas,  proper  caUimatioo  of  the  source  was  critical  to  re¬ 
duce  nonresooant  scattering  inside  the  chamba.  Various 
collimator  designs  were  used  in  these  ex  perimems  but  the 
best  perfonnance  was  realized  with  a  1.2S/cmAfilck  lead 
plate  that  had  a  drciilar  aperture  at  Its  center.  The  aper¬ 
ture  was  tapered  so  that  its  diameter  increased  in  the  di¬ 
rection  of  propagation  of  the  radiation  to  reduce  scattering 
from  the  collimator  walls. 

Radiation  icatiering  inside  the  chamber  wts  mini, 
mized  by  providing  an  exit  window  diametrically  opposite 
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me  was  2.41  counis  per  s«g>i^  The  rf3<»  *rth  <"e  lais  in 
the  passive,  Add-free  mod^  shown  in  Fig  Ht>)  There  .^— 
the  signal  counting  rate  was  0  087  counts  per  second.  The 
data  were  collected  (rve  ttmes  longer  than  the  eorres^nd 
ing  data  with  the  lens  active  to  obtain  reasonable  statistics  , 
Operation  of  the  lots  in  a  passive  mode  helped  deter- 
m^e  the  geometrical  collection  efliciency  for  the  system  In 
this  geometry  it  was  concluded  from  thedau  of  Fig  4  that 
the  lens  increased  the  signal  count  rate  by  a  factor  of  28 
while  the  backgroi|nd  signal  increased  by  «ily  a  factor  erf 
11.  For  the  biases  used  in  the  active  mode  the  trajectories 
of  the  higher  energy  signal  electrons  were  defined  sold)  by 
the  geometrical  solid  angle  between  the  urget  and  MCP 
assembly  and  were  the  same  for  both  bias  configurations 
This  contribution  to  the  signal  counting  rate  could  have 
been  reduced  funher  by  simply  increasing  the  distance  be¬ 
tween  the  target  and  detector  assembly. 


lip 


FIC  •  Cwncruan  riectmn  Maxbtuer  ipeart  tor  i  PiJSSS  enndMU 
"Fc  urffl.  (■)  Lot  in  » foouint  or  rorve  osoCc  and  ootleaed  for  3.4  h 
•iiti  >  eouniini  me  of  247  ept  (b)  Wiib  the  tent  in  •  puiive.  Sdd-tree 
mode  poeaoiiaa  no  foorunf  or  ecedemint  prapenia  the  ii|nal  count, 
mg  me  dropped  to  O.OS7  cfn.  The  deu  were  cotloci  0ve  times  lon|cr  then 
m  (s)  The  {oonMncsl  oolleaion  oT  the  lots  sccounied  (or  Ims  ihin 
.S  sea  oT  the  signer  wlwt  the  lou  wes  opcnied  m  optimum  biesm. 

the  entrance  window.  This  window  had  a  diameter  of  10 
cm  and  was  constructed  of  mylar  to  avoid  signi&unt  back- 
scattering  of  photons  and  photoelectrons.  The  beam  size  of 
y  rays  from  the  ^^Co  source  was  optimized  by  proper  col- 
limation  to  illuminate  the  entire  target  without  eepanding 
to  a  diameter  that  would  impede  its  fait  from  the  output 
window. 

To  binher  reduce  scattering  in  the  system  the  lens  was 
oxistrucied  from  a  copper  mesh  which  had  tin  open  area  of 
and  a  wire  diameter  of  2SQ  ^sm.  Penurbatiord  of  the 
dectric  ^  resulting  from  the  use  of  a  mesh  instead  of  a 
eominuous  sheet  of  metal  have  heea  shown  to  be  negligible 
at  disunces  grater  than  (he  wu'e,smatio%'^  The  per- 
Mniage  of  open  ara  was  further i.'.emately 
removing  wires  in  the  region  of  the  lens  that  were  in  the 
dirKi  path  of  the  input  radiation. 

m.  RESULTS 

The  ta^fa  foil  used  to  evaluate  the  efSeciiveness  of  the 
lets  was  a  S.0  X  $.0  X  2  X  W  *  cm  iron  foil  with  ^’Fe  nucid 
enriched  to  For  purposes  of  comparison,  dau 

were  eoBected  witt  the  ^ctioa  tens  operating  in  an  “ac- 
Uve“  mode  at  the  ^imum  potentials  lew-energy  dec- 
irans  and  in  a  pasive  mode  where  there  were  t»  aceder- 
•ling  adds.  Dm  oMecisI  with  the  lens  in  the  focusing  or 
active  mod^wshewn  In  Fig.  4(a).  The  total  coilection 
lime  for  the  dtu  was  3.44  h  and  the  total  signal  counting 


IV.  DISCUSSION  ,  ^ 

Detection  of  dectrons  with  energies  eV  can  pro-  <— 
vide  detailed  information  about  a  variety  of  surface  phe- 
nomena  in  the  top  5  nm  of  a  materiaL  In  this  article  we 
have  described  the  design  and  construction  of  a  detection  . 
system  for  conversion  dectron  MOssbauer  specirtscopy 

device  preferentially  detecu  dectrons  with  enogies 

eV  and  has  the  potential  for  providing  a  simple  alter- 
native  to  more  compla  and  a  pensive  decuon  detectors 
which  are  currently  used  in  energy -resolved  MOssbauer 
spectroscopy. 

It  was  shown  that  the  detection  elGciency  of  higher 
energy  conversion  and  Auger  dectrons  an  be  minimized 
by  choosing  an  appropriate  geometry  Numerous  computer 
simulations  using  plane-wave  and  point-source  dectron 
configurations  showed  that  the  dectratatic  lens  gave  an 
eOsetive  solid  angle  of  almat  27r$teradlans  for  the  signal 
dectrons  having  appropriatdy  low  energies. 

Although  not  pursued  in  this  work,  it  is  passible  with 
the  current  design  to  coUect  virtually  all  the  dectrons  emit¬ 
ted  from  (he  target.  This  could  te  accomplished  if  the 
potential  difference  between  the  input  of  the  chevron  and 
target  foQ  bmadesufllcientty  large  Furthermore,  if  a  re¬ 
tarding  fidd  analyzer  is  positioned  between  the  urget  and  ' 
MCP,  the  kwer  energy  dectrons  an  be  dfrcienUy  filtered 
out”  In  this  manner  it  is  possible  to  obtain  ener0. 
resolvod  Mbssbauer  spectra  over  a  wide  range  ttf  dectron 
energies. 
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Abstract:  Resonant  photon  scattering  off  ''‘'Y  was  investigated  in  a  measurement 
of  the  "‘'Y"’  excitation  function  for  bremsstrahlung  endpoint  energies  £,  =  2  -  5 
MeV  and  in  a  nuclear  resonance  fluorescence  experiment  with  £r  =  5  MeV.  The 
results  are  compared  to  a  quasiparticle-phonon  model  calculation.  Besides  a  well 
known  single  particle  Ml  transition  at  low  energies,  the  photoexcitation  spectrum 
is  governed  by  transitions  to  states  built  by  coupling  of  tl^e  dominant  p,/2  hole 
ground  state  configuration  to  collective  quadrupolc  phonons  in  the  neighbouring 
’"Zr.  The  detailed  decay  cascade  to  the  isomer  reproduces  the  experimental  find¬ 
ing  of  only  two  intermediate  states  with  about  equal  strength  and  explains  the 
suppression  of  other  possible  transitions  due  to  the  nature  of  the  particular  El 
matrix  element.  The  theoretical  isomer  branching  ratios  are  small  compared  to 
the  experiment,  but  depend  critically  on  details  of  the  model. 

NUCLEAR  REACTIONS  £»  =  2  -  5  MeV;  '‘"Y(i,->').  £-  =  5 

MeV.  Deduced  ground  state  and  isomer  activation  transition  strengths,  t,  .. 
Quasiparticle-phonon  model  calculations. 
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1.  Introduction 


The  photoactivation  of  isomers  has  recently  attracted  considerable  interest  ' ' 
These  studies  have  been  motivated  by  several  sources  of  interest.  It  has  beer  pro¬ 
posed  to  use  the  population  or  depopulation  of  isomers  by  resonant  photoabsorp- 
tion  as  the  basic  mechanism  for  driving  a  Tr-ray  laser  ^).  For  feasibility  tudies. 
a  much  improved  experimental  data  base  is  needed.  Photon  coupling  between 
ground  state  (g.s.)  and  isomer  plays  an  important  role  in  nuclear  astrophysics.  As 
examples,  photoactivation  ')  of  ‘'‘’Lu  and  the  depopulation  ‘)  of  ‘**’Ta"'  provide 
critical  tests  of  the  present  understanding  of  the  s-process  element  production  "  ’). 
An  understanding  of  the  nuclear  structure  of  intermediate  states  (IS)  responsible 
for  the  isomer  feeding  is  not  only  of  interest  by  itself,  but  also  a  prerequisite  for 
plv^ress  in  the  above  described  problems. 

Most  experimental  photoactivation  work  has  concentrated  either  on  the  low- 
energy  area  (see  e.g.  refs.  and  references  therein]  E  <  2  MeV‘,  or  on  the 

giant  resonance  region  where  the  statistical  7-decay  properties  and  the 

competition  with  other  emission  channels  can  be  tested.  The  work  described 
in  refs.  '■’)  focused  on  the  energy  region  in  between  and  produced  a  number 
of  unexpected  results,  viz.  very  large  integrated  cross  sections  (ICS)  in  heavy 
deformed  nuclei  implying  considerable  K  mixing  at  low  energies  '  ’),  a  threshold 
of  ICS  at  excitation  energies  E,  =  2.5  -  3  MeV  and  a  close  correlation  of  absolute 
magnitudes  of  isomer  population  with  the  g.s.  deformations  *). 

A  first  attempt  to  reach  a  detailed  understanding  of  the  IS  nuclear  structure 
was  made  in  the  investigation  of  "^In.  Here,  photoactivation  and  complemen¬ 
tary  nuclear  resonance  fluorescence  (NRF)  experiments  were  performed  and  the 
combined  information  turned  out  to  be  a  powerful  tool  to  constrain  microscopic 
model  descriptions  ^).  In  the  present  work  we  have  extended  this  combined  ex¬ 
perimental  method  to  another  example,  The  isomeric  transition  is  of  M4 

type  l/2~  — »  9/2*,  but  complementary  to  the  "’In  case,  has  a  J”  =  1  /2' 
g.s.  and  a  J*  =  9/2^  isomer  (E,,..  =  0.909  MeV).  It  provides  an  interesting  case 
because  of  its  semimagic  nature.  The  reduce*'  configuration  space  should  facili 
tate  the  identification  of  the  important  nuclear  structure  aspects.  Furthermore, 
additional  inforrtiation  from  spectroscopic  studies  with  a  variety  of  methods  is 
available  '*’)  up  to  relatively  high  excitation  energies.  Photoactivation  of  ""V"' 
was  observed  in  the  survey  of  ref.  ^)  and  the  yields  turned  out  to  be  very  small 
compared  to  other  isomers  in  this  mass  regie n. 


The  results  are  compared  to  calculations  with  the  quasiparticle  phonon  model  ' 
It  has  already  been  successfully  applied  '“)  l>»  explain  the  structure  of  IS  in  the 
photoactivation  of  “^'Dr.  The  properties  of  the  the  '“’Y  low-energj*  spectrum  ha%e 
been  tested  in  a  variety  of  other  models  but  the  study  of  electromagnetic 

transitions  has  been  restricted  to  the  lowest  states  only. 

2.  Experiments  and  data  analysis 

The  experiments  were  performed  with  the  10  MeV  injector  of  the  supercon 
ducting  continuous  wave  electron  accelerator  S  DALINAC  in’Darmstadt  Fig¬ 
ure  1  displays  the  experimental  area  for  both  measurements  in  more  detail.  The 
electron  .beam  traversed  through  a  100  pm  A1  exit  window  and  impinged  on  a 
rotating -3  mm  Ta  converter  disk  for  bremsstrahlung  production.  The  declron 
beam  alignment  could  be  sensitively  monitored  with  the  dose  delivered  to  an  ion¬ 
ization  chamber  2  m  downstream  which  is  shielded  against  background  radiation 
and  covers  only  12  mrad  around  0®. 

2.1  NUCLEAR  RESONANCE  FLUORESCENCE  EXPERIMENT 

For  .the  NRF  experiment,  a  metel'ic  Y  powder, target  of  2.55  g  sealed  in  a 
0.1  mg/cm^  polyethylene  foil  was  placed  behind  the  6C  cm  lead  collimator  which 
has  a  conical  opening.  The  bremsstrahlung  converter  was  moved  to  the  position 
close  to  the  coMitr.ator  entrance  indicated  in  fig.  1.  The  collimator  defines  a  beam 
spot  of  2.6  cm'^  at  the  target  position.  The  resonantly  scattered  photons  were 
detected  with  a.Ge(Li)  and  a  HTTe  detector,  both  150  cem,  placed  at  90®  and 
,127®,  respectively,  relatisc  to  the  beam  axis.  In  the  present  experiment,  only  the 
127®  diode  was  used  (see  sect.  3).  A  graded  shield  of  9  mm  Pb  +  5  mm  Cu  was 
placed  between  target  and  detector  ia  order  to  suppress  the  strong  nonresonant 
low-energy  background.  Data  were  taken  at  E,  =  5  MeV  with  a  typical  average 
current  of  25  fiA.  The  total  measuring  time  was  32  h. 

The  energy  calibration  and  relative  efficiency  of  the  Ge  detector  were  deter- 
mined  off  line  with  a  '^Co  source  with  a  geometry  identical  to  the  target.  During 
the  measurement,  thin  disk.i  of  1.05  g  .A1  were  sandwiched  around  the  yttrium 
target.  In  a  number  of  extremely  well  determined  transitions  are  excited 
in  the  energy  region  of  interest  and  serve  as  standards  for  the  determination  of 
the  total  p- oton  flux.  ,  ^ 


The  shape  of  the  brcmsstrahlung  spectrum  was  taken  from  a  Monte  (^arlo 
calculation  with  the  code  EGS4  From  fig.  1  it  is  obvious  that  the  experimental 
geometry^is  simple  and  reliable  results  from  the  Monte  Carlo  calculations  can  be 
expected.  The  calculated  spectral  shapes  compare  very  well  to  the  rer.ults 

for  strong  transitions  in  "'Al  and  "B  which  are  commonly  used,  as  standards. 
Further  details  of  the  data  analysis  are  given  in  ref. 

From  the  line  contents  of  identified  transitions  one  obtains  the  ICS  of  the  g.s. 
transitions  (aF)^  which  arc  related  to  the, characteristic  properties  of  the  excited 
state  t  by 

(-r);  = 

Here,  Jo  and  J,  arc  the  spins  of  the  g.s.  and  excited  stale,  respectively,  F;,  is  the 
partial  width  directly  to  the  g.s.,  F  is  the  total  width  and  E,  is  the  energy  of  the 
transition.  The  angular  distribution  kF(0)  accounts  for  the  nonisotropic  decay 
which  depends  on  the  multipolarity  (dipole/quadrupole)  and  the  rrlixing  ratio  h 
of  E2/M1  transitions. 

2.2  ISOMER  ACTIVATION  EXPERIMENT 

The  experiment  was  performed  as  close  as  possible  to  the  brcmsstrahlung 
converter  in  order  to  maximize  the  photon  flux.  The  target  consisted  of  an  A1 
cylinder  (diameter  1.4  cm,  height  2.7  cm,  walls  0.1  cm)  filled  with  4.8  g  of  YF:i 
powder.  The  cylinder  was  aligned  to  the  beam  direction  with  the  front  side  in 
a  distance  of  1.3  cm  to  the  converter.  The  sample  was  typically  irradia‘ed  for 
a  time  duration  of  two  half  lives  (ti/j  =  16.06  s)  and  then  transported  with  a 
high  compression  rabbit  system  to  a  3.5”  Nal  bore  hole  detector  outside  of  the 
accelerator  hall.  Typically  5  to  9  cycles  were  performed  per  electron  endpoint 
energy.  Details  of  the  measurement  with  this  shuttle  system  are  described  in 
.efe. 

The  absolute  efficiency  of  the  Nal  detector  was  calculated  with  a  Monte  Carlo 
program  which  included  the  geometry  of  target  cylinder  and  detector,  the  nonuni¬ 
form  distribution  of  activation  over  the  length  of  the  target  and  the  self  absorption 
of  the  signature  transition  in  the  target  material. 

Following  the  method  described  in  ref.  ®),  ICS  for  the  states  populating  the 
isomer  can  be  derived  from  the  yields  and  the  photon  spectral  intensities  which 


•iatii  (mm  <'al(uUiion«  llir  intrgratrd  cro»»  ti'clioni  (ffl')J.,. 

»»a  rdii^d  ii*  m  ( 1 )  l>v 

Ha#*,  r;,  #*p»*»*ati  ih*  »um  of  all  partial  width*  of  l*»el  i  which  decay  to  the 
iaomer.eilher  direclly  or  via  a  cauade. 

The  validity  of  the  data  analyfu  pfoceduren  .wa*  tested  with  a  meaturentent 
of  It  wat  ihown  in  ref  *)  that  the  iiomeric  yield  below  2.1  MeV  provide* 

an  abaolnt*  calihraiioH  of  the  total  photon  Hu*,  line*  all  activation  level*  are 
completely  tharai terired  in  the  literature  The  present  result*  agree  within 
$%  with  those  «»f  ref  which  were  measured  in  a  completely  different  geometry 
with  a  thin  ditk  target,  as  well  as  with  the  6  MeV  endpoint  energy  result  of  ref. 


3.  Results  and  discussion 


3.1.  NUCLEAR  RESONANCE  FLUORESCENCE  OF  •‘’Y 


A  (y.y'l  spei  trum  taken  at  an  endpoint  energy  E'„  «  3  MeV  it  displayed  in 
Kg.  2.  Eacept  those  levels  marked  at  Al  calibration  lines,  all  visible  transitions 
are  assumed  to  be  "'‘Y  g.s.  transitions.  The  observation  of  transitions  to  excited 
states  can  be  excluded  in  the  present  case.  Since  NRF  is  restricted  to  dipole 
Of  guadrupole  excitations,  the  lowest  level  which  could  be  effectively  populated 
would  be  at  I.S07  MeV.  Because  of  the  correspondingly  reduced  “y-energy,  such  a 
transition  is  lost  in  the  Compton  background  which  rises  exponentially  towards 
lower  energies. 

A  summary  of  all  observed  transitions  is  given  in  table  1  together  with  the 
available  information  '*')  on  spins  and  g.s,  branching  ratio*,  in  cates  where 
both  quantities  are  known,  the  resulting  half  life  it  presented  in  the  last  col¬ 
umn,  For  previously  unknown  leyelt,  the  partial  g  s.  width  is  given  as  fF'/F 
with  f  5=  2J  +  I/2J,  +  1. 

Unlike  the  ca*e  of  even-even  nuclei  where  a  two-point  angular  distribution  al¬ 
lows  a  clear  distinction  between  dipole  and  quadrupole  transitions  the  possible 
angular  distributions  in  an  odd.-even  nucleus  are  much  more  isotropic.  Therefore 
only  measurements  with  the  127*  detector  which  has  a  more  favourable  peaE^to^" 
background  ratio  were  evaluated.  For  the  angular  correlation*  of  •*Y  g.s.  transi¬ 
tion*  1/2  — •  1/2,  3/2,  5/2  -•  1/2  the  value  of  12T*  v'cragcd  over  the 
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detector  solid  angle  varies  by  less  than  15%  from  H'(0)  =  1.  Thus,  the  W(©) 
factor  is  omitted  and  for  previously  unknown  levels  an  additional  systematic  error 
should  be  included.  For  an  assigned  5/2"  spin,  the  values  in  table  I  are  corrected 
with  a  factor  11^(0)  =  0.856.  In  the  case  of  a  3/2'  state,  the  maximum  deviation 
from  unity  for  an  arbitrary  E2/M1  mixing  ratio  is  less  than  4.5%. 

The  strongest  transition  observed  in  NRF  Is  to  a  state  at  1.508  MeV  which  has 
7*  =  3/2“ .  Its  almost  pure  p,/2  hole  character  is  well  established  in  single  nucleon 
pick-up  ■"’)  and  (e,c')  reaction  studies.  In  an  early  {'i,Y)  experiment  *')  a 
total  width  F  =  22(3)  meV  was  observed  which  compares  favourably  with  the 
present  value. 

The  2.881  MeV  and  3.067  MeV  levels  correspond  to  M1/E2  transitions.  From 
a  combination  of  the  L  =  1  result  in  the  (^He,d)  reaction  ^')  and  L  =  2  from 
inelastic  (p,p')  and  (n,n')  scattering  J'  =  3/2'  is  clear.  The  refs.  ''^®) 

show  that  the  2.881  MeV  state  cecays  to  the  g.s.  with  a  branching  ratio  6',  2:  1. 
Including  the  results  from  sect.  3  2,  we  infer  ha  =  0.96. 

The  3.107  MeV  and  3.139  MeV  states  are  likely  7*  =  5/2"  candidates.  The 
excitation  of  the  3.139  MeV  state  in  the  present  experiment  is  very  weak  at  the 
threshold  of  the  detection  sensitivity.  It  is,  however,  of  interest  because  of  its 
significant  branch  into  a  cascade  to  the  isomer.  It  is  noted  that  the  B{E2) 
value  of  145  e*fm'  reported  in  ref.  ^')  for  the  sum  of  the  3.067,  3.107  and  3.139 
MeV  levels  unresolved  in  their  (e,e')  experiment  is  in  good  agreement  with  the 
present  results,  if  one  assumes  a  dominant  E2  transition  for  the  3/2"  state. 

The  strong  3.992  and  4.108  MeV  states  are  again  observed  in  inelastic  nu¬ 
cleon  scattering  as  L  =  2  states.  From  the  available  data  one  cannot  distinguish 
between  7*  '=  3/2"  and  5/2”.  A  g.s.  branching  ratio  of  to  —  I  can  be  deduced 
for  both  states  from  refs.  ’*  '**). 

No  candidate  for  an  El  transition  is  seen  in  the  (7,7')  data.  For  those  3/2" 
levels  which  are  simultaneously  observed  in  the  (p,p')  and  (n,n')  experiments, 
dominant  E2  transition  strength  is  suggested  from  the  collective  character  of  in¬ 
elastic  nucleon  scattering  reactions. 

3.2  PHOTOACTIVATION  OF 

The  isomer  yield  resulting  from  the  bremsstrahlung  irradiation  is  shown  in 
fig.  3  as  a  function  of  the  endpoint  energy.  Up  to  2.875  MeV  no  isomer  activity 
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!•  riivfKirt,  »f  lli^  ri(ril«ti*ni  fiiiirlion  tre  clearly 

viatMe  iail  ’belnw  J,  and  antund  4  MeV'  TIte  aolid  line  retuitt  froiti  a  calculation 
Mawmilii  IS  at  I  #  and  4  0  MeV  with  the  |(!S  Riven  in  table  2. 

Tlia  fond  aRteemenl  with  the  etierRiei  of  tiatet  eacited  tlronlly  in  the  (t,!*) 
taMlien  loRether  with  the  model  leiulti  deicribed  in  aeci,  4  clearly  suRRests  that 
Ilia  t  ill  MeV  Male  it  the  lit»t  IS  The  ICS  of  the  weakly  excited  3.139  MeV 
lavel  ia  in  any  ca»e  too  tmail  to  explain  the  firit  break.  Because  of  the  tmall 
mimtoer  of  data  pointi  the  eneray  of  the  second  IS  is  more  uncertain  and  we 
cannot  disImRuish  whether  the  3  992  or  the  4  170  MeV  level  provides  the  isomer 
fsopnlation. 

Cenipared  to  typical  values  of  ICS  in  the  energy  region  2  ■  4  MeV  observed 
in  tefi.  '***),  the  isomer  population  in  *'*¥  is  weak.  This  finding  is  also  in 
qualitative  agreement  with  the  yield  values  at  4  and  6  MeV  deduced  in  ref.  *). 
While  the  average  strength  is  even  slightly  higher  than  observed  for  "in 

in  ref.  *),  the  isomeric  ratio  r.,.., T,  ♦  r„,,  is  about  an  order  of  magnitude  smaller. 

4.  Quasiparticle«phonon  model  calculations 

4.1  DETAILS  OF  THE  CALCULATIONS 

To  understand  the  structure  of  states  observed  in  the  present  experiments 
microscopic  calculations  within  the  quasi  particle- phonon  model  have  been  per¬ 
formed.  A*  detailed  description  of  treating  odd  nuclei  within  this  theoretical 
framework  can  be  found  in  ref.  '*)! 

The  present  calculations  have  been  performed  with  the  wave  function 

of  the  ground  or  excited  states  with  angular  momentum  J  and  projection  ilf .  In 
thii  equation  a*„  is  a  quasiparticle  creation  operator,  is  a  phonon  creation 
orator  with  the  momentum  A,  projection  p  and  the  RPA-root  number  i,  is 
the  ground  state  wave  function  of  the  even-even  core  and  f  is  the  number  within 
a  sequence  of  states  with  given  J".  For  phonons  w.;  consider  both  collective,  such 
as  2f  or  Sf,  and  pure  two- quasi  particle  excitations  of  the  core. 

Numerically,  equations  for  have  been  solved  by  use  of  the  computer  cod? 
PHOQUS  The  QPM  effective  Hamiltonian  includes  an  average  field,  punng 
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interaction  and  residual  interaction  between  quasiparticles.  The  average  field  wa» 
treated  by  a  Woods-Saxons  potential  with  parameters  from  ref.  Parameter! 
of  the  residual  interaction  were  adjusted  to  reproduce  the  experimental  position 
and  the  B(EA)  values  of  the  2^^  and  3j‘  states  for  ‘"'Zr  while  dealing  with  hole 
excitations  and  for  '^'’Sr  in  case  of  particle  excitations.  Natural  parity  phonons 
with  A*  =  1"  -  6"*^  have  been  included  in  the  second  term  of  the  wave  function 
eq.  (3).  We  have  taken  into  account  ”quasiparticle®phonon”  configurations  up  to 
an  excitation  energy , of  12  MeV.  Nevertheless,  actual  calculations  show  that  only 
collective  2^  phonons  play  an  important  role  in  description  of  photoexcitation  of 
states  up  to  5  MeV,  since  the  interaction  between  different  phonon  configurations 
is  not  strong  in  this  nucleus. 

4'2  COMPARISON  TO  NUCLEAR  RESONANCE  FLUORESCENCE  RESULTS 

The  calculated  (7,7')  excitation  strength  is  presented  in  fig.  4  together  with 
the  experimental  (rrrjo  data.  In  the  QPM  only  6  sizeable  transitions  are  found 
below  4.5  MeV.  Due  to  the  restriction  of  the  model  space  to  one-phonon  coupled 
states  the  degree  of  fragmentation  is  less  than  indicated  by  the  experimental 
results..  However,  since  higher  phonon  configurations  do  not  contribute  additional 
photoexcitation  strength,  the  main  features  of  the  (7,7')  results  can  already  be 
explained  in  the  one-phonon  approximation. 

The  two  lowest  states  in  the  calculation  at  1.540  and  1.838  MeV  correspond  to 
the  well  known  lowest  J'  =  3/2“  and  5/2"  states  which  have  been  shown  "'j  to 
be  of  dominant  P3/2  and  /j/-^  single-hole  structures,  repectively.  The  model  result 
for  the  3/2"  level  (cP),  =  70.2  eVb  is  in  excellent  agreement  with  experiment. 
The  5/2"  state  was  not  observed  in  the  experiment.  One  can  calculate  from  the 
g.s.  transition  strength  of  (o-Pjo  =  4.67  eVb  from  the  data  available  '*’)  and  show 
that  the  experimental  count  rate  is  smaller  than  the  background  fluctuations. 

The  next  transitions  are  in  two  groups  of  nearly  degenerate  levels  which  result 
from  the  coupling  of  the  g.s.  configuration  to  the  lowest  collective  phonons  ") 
in  the  neighbouring  even-even  nucleus  ^Zr,  i.e.  dominant  [pi/v  ®  2*  ,| 
structure.  The  near  degeneracy  is  a  result  of  the  neglection  of  more  complex 
configurations  and  would  probably  be  removed  if  one  iiicluded  two-phonon  states. 

The  3.147  MeV,  J*  =  3/2"  model  state  corresponds  to  the  experimental  2.881 
MeV  and  probably  the  3.067  MeV  state.  The  magnitudes  of  ICS  support  this 


3  niodH  »t«l»  r»n  be  rrasonabiy  compared  to  the  more  frag- 
meiiletl  etpetimeni*)  ctrenglh  up  to  3.5  MeV.  The  levels  resulting  from  coupling 
!•  the  Ij  slate  cah  be  identified  with  the  experimental  levels  at  3.992  and  4.170 

MeV 

.  The  alruriiire  of  these  !  .rtes  implies  that  the  phonon  transitions  are  respon- 
«We  (nr  the  (*»,">')  strength.  The  general  dominance  of  collective  E2  strength  in 
Ih#  NRF  data  explains  the  close  correspondence  to  inelastic  nucleon  scattering 
results  discussed  in  sect  3. 

«  J  COMPAniSON  TO  ISOMER  ACTIVATION  RESULTS 

Stare  the  relevant  excitation  ipettrum  it  entirely  explained  assuming  Ml  and 
£2  IransitiOAS,  for  a  total  M4  transfer  the  intermediate  state  decay  must  proceed 
in  a  two-step  cascade  including  an  El  transition  for  the  parity  change.  Figure  5 
presents  a  calculated  level  scheme  according  to  this  condition.  The  first  step  in 
the  cascade  to  the  i'or.ier  is  limited  to  5/2*  final  states  and  two  are  found  in  the 
energy  region  considered. 

While  the  g.s.  partial  widths  are  comparable  for  3/2~  and  5/2"  states,  large 
differences  are  observed  in  the  population  of  the  5/2’*'  states.  The  decay  to 
the  higher  model  state  at  3.308  MeV  is  extremely  weak  due  to  its  almost  pure 
IPi/i  ®  Sj"  |s/j»  character  which  restricts  to  a  strongly  suppressed  2*  ^  37  phonon 
transition.  The  decay  widths  of  the  5/2“  states  to  the  lower  5/2*  state  are  much 
weaker  compared  to  the  transitions  from  the  3/2“  levels,  since  the  reduced  El 
transition  matrix  elements  are  about  an  order  of  magnitude  smaller.  The  low’est 
5/2*  state  is  strongly  coupled  to  the  isomer  via  a  large  [^9/2  0  2*  ls/2+  component 
in  the  wave  function,  so  the  transitions  from  the  3/2“  states  are  responsible  for 
the  isomer  population.  This  result  is  in  full  agreement  with  the  experimental 
ffnding  of  only  two  IS  with  about  equal  strength  as  well  as  with  the  deduced 
energies. 

However ,here  the  description  depends  on  weak  quasiparticle  configurations  of 
both,  initial  and  final  state,  which  are  sensitive  to  details  such  as  bs^is  trunca¬ 
tion  and  collectivity  of  phonons.  This  aspect  of  the  calculations  could  certainly 
be  improv«l  by  the  inclusion  of  the  ”quasiparticle02-phonon'’  states  where  con- 
ffgisraiions  like  Ipj/a0l2f  037|i-)  are  expected  to  contribute.  Also,  an  extension 
of  the  model  space  by  summation  over  the  principle  quantum  number /V  for  the 


quasiparlicle  configuration  '‘)  could  br  important. 

5.  Conclusions 

The  photoexcitation  of  *''■’¥  was  investigated  with  two  different  method*  NHF 
data  were  measured  at  £o  =  5  MeV  and  states  up  to  excitation  energies  of  4  2 
MeV  could  be  identified.  The  excitation  function  for  £»  -  2  -  5  Me\ 

revealed  no  activity  up  to  2.9  MeV  and  only  two  IS  were  found  up  to  5  MeV. 

The  transitions  can  be  explained  with  a  QPM  calculation  at  the  cou 

pUng  of  collective  phonons  in  the  neighbouring  ‘^'Zr  with  the  hole  g.t.  ronfig 
uration  leading  to  groups  of  3/2",  5/2“  states.  While  the  total  electromagnetic 
transition  strength  agrees  favourably,  the  experimental  fragmentation  it  underet 
timated  due  to  the  model’s  restriction  to  one-phonon  coupled  states.  The  omis 
sion  of  more  complex  configurations  is  justified  for  the  preteni  problem,  since 
they  do  not  add  electromagnetic  strength.  Besides  a  well  known  low-lying  tingle 
particle  Ml  transition,  the  excitation  is  governed  by  E2  phonon  transitions. 

The  calculations  demonstrate  that  the  cascade  needed  for  the  activation  of 
wiym  pjoceetJs  via  the  lowest  5/2*  state  which  decays  almost  exclusively  to  the 
isomer.  The  experimental  finding  of  only  two  IS  at  about  2.9  and  4.0  MeV  is 
verified  and  the  coupling  to  the  5/2*  sUte  is  of  single  particle  El  character. 
Due  to  the  nature  of  the  transition  matrix  elements  the  5/2'  -► 
are  suppressed  by  more  than  two  orders  of  magnitude  with  res 
— •  5/2''‘  transitions.  The  calculated  branching  ratios  are  small 
experiment.  However,  they  depend  critically  on  weak  quasipar 
of  the  initial  and  final  state  wave  functions. 

One  can  conclude  that  up  to  energies  of  about  5  MeV  the 
the  electromagnetic  excitation  as  well  the  decay  of  the  excited 
isomer  are  now  understood.  The  usefulness  of  a  combination  of 
activation  experiments  has  again  been  proven  as  a  powerful  mi 
structure  studies. 

We  thank  H.-D.  Graf  and  H.  Weise  for  their  great  support 
accelerator.  We  are  indebted  to  W.  Ziegler  for  his  help  in  the 
of  us  (V.Yu.P.)  would  like  to  thank  the  members  of  the  S-DA! 
their  hospitality  during  his  stay  in  Darmstadt. 

10 


5/2  traniitiont 
jiect  to  the  3/2' 
compared  to  the 
tide  componenti 

fnain  features  of 
1  tates  to  the  *'’Y 
pRF  and  isomer 
ethod  for  nuclear 


in  operating  the 
•xperiment.  One 
JNAC  group  for 


Il«f€»rc»iicc»s 

•  Jl|  C  B.  CoIUm,  J.J.  Carroll,  T. VV.  Sinor,  M.J,  Byrd,  D.C.  Richmond,  K.N. 
Taylor,  ,M.  Huber.  N,  Iluxel,  P.  von  Ncumann-Cosel.  A.  Richter,  C. 
Spieler  and  W,  Ziegler,  Phys,  Rev.  C42  ( 1990)  R1813 

|t|  i.J  Carroll,  T.W,  Sinor,  D.G.  Richmond,  K.N.  Taylor,  C.B.  Collins,  M. 
Huber,  N,  Kuxel,  P.  von  Neumann-Cosel,  A.  Richter,  C.  Spieler  and  W. 
Ziegler,  Phyi.  Rev.'CdS  (1991)  897 

I J|  J.J.  Carroll,  M  J.  Byrd,  D.G.  Richmond,  T.W,  Sinor,  K.N.  Taylor,  W.L. 
.  Hodge,.  V,  Paitt,  C.D.  Eberhard,  J.A.  Anderson,  C.B.  Collins.  E  C. 
Scarbrough,  P.P.  Antich,  F.J.  Agee,  D.  Davis,  G.A.  Huttlin,  K.G.  Ker 
ria,  M.S.  Litt  and  D.A.  Whittacker,  Phys.  Rev.  C43  (1991)  1238 

.  j'ij  P  von  Neumann-Cosel,  A.  Richter,  C.  Spieler,  W.  Ziegler,  J.J.  Carroll. 
T.W.  Sinor,  D.G.  Richmond,  K.N.  Taylor,  G.B.  Collins  and  K.  Heyde. 
Phys.  Lett;  B266  (199,1)  9 

j5|  C.B.  Collins,  J.J.  Carroll,  K.N.  Taylor,  D.G.  Richmond,  T.W.  Sinor,  M. 
Huber,  P.  von  Neumann-Cosel,  A.  Richter  and  W.  Ziegler,  Phys.  Rev. 
C46  (1992)  952 

(6)  C.B.  Collins,  F.W.  Lee,  D.M.  Shemwall,  B.D.  DePaola,  S.  Olariu  and 
M.  Popescu,  J.  Appl.  Phys.  53  (1982)  4645 

|7|  N.  Klay,  F.  Kappeler,  H.  Bee»-  and  G.  Schatz,  Phys.  Rev  C44  (1991) 
2839; 

K.T.  Lesko,  E.B.  Norman,  R.-M.  Larimer,  B.  Sur  and  C.B.  Beausang, 
thid  2850 

(8)  F,  Kappeler,  H.  Beer  and  K.  Wisshak,  Rep.  Prog.  Pljys.  52  (1989)  945 

*  (9]  J.J.  Carroll,  J.A.  Anderson,  J.W.  Glesener,  C.D.  Eberhard  and  C.B. 

Collins,  Astroph.  J.  344  (1989)  454 

jlO)  E.C.  Booth  and  J.  Brownson,  Nucl.  Phys.  A98  (1967)  529 

(11)  A.  Veres,  At.  Energy  Rev.  18  (1980)  281 

(121  Z.M.  Bigan,  E.L.  Lazarev,  V.M.  Mazur  and  V.  Sokolnyk,  Sov.  J.  Nucl. 
Phys.  49  (1989)  567 


11 


jl3l  L.Z.  Dzhilavyan.  \  .L.  Kauts,  V.l.  Furman  and  A.Y.  Cliaprikt)v,  S«n  J 
Nucl.  Phys.  51  (1990)  215 

|14|  J.  Safar,  H.  Kaji,  K.  Yoshihara,  L.  Lakosi  and  A.  VV^«^  I’hy*.  krv.  C'14 
(1991)  1086 

[15]  J.J.  Carroll,  C.B.  Collins,  P.  von  Neumann  Cosel,  D.CI.  Richmond,  A 
Richter,  T.W.  Sinor  and  K.N.  Taylor,  Phys.  Rev.  C45  (1992)  47U 

(16)  H.  Sievers,  Nucl.  Data  Sheets  58  (1989)  351 

(171  S.  Gales,  Ch.  Stoyanov  and  A. I.  Vdovin,  Phys.  Rep.  186  (1988)  12.'> 

(18]  V.Yu.  Ponomarev,  .A.P.  Dubenskij,  V.P.  Dubenskij  and  E.A.  Boykova, 
J.  Phys.  G16  (1990)  1727 

[19|  P.  Hofstra  and  K.  .Allaart,  Z.  Phys.  A202  (1979)  159 

(20)  S.M.  Abecasis,  J.  Davidson  and  M.  Davidson,  Phys.  Rev.  C22  (1980) 
2237 

(211  C.A.  Heras  and  S.M.  Abecasis,  Phys.  Rev.  C27  (1983)  1765 

J221  X,  Ji  and  B.H.  Wildenthal,  Phys.  Rev.  C38  (1988)  2849 

(23]  K.  Alrutz-Ziemssen,  D.  Flasche,  H.-D.  Graf,  V.  Huck,  M.  Knirsch,  W 
Lotz,  A.  Richter,  T.  Rietdorf,  P.  Schardt,  E.  Spamer,  A.  Staschek,  \V. 
Voigt,  H.  Weisc  and  W.  Ziegler,  Part.  Acc.  22  (1990  )  53 

(24|  P.M.  Endt,  Nucl.  Phys.  A521  (1990)  200 

(25j  W.R.  Nelson,  H.  Hirayama  and  D.W.O.  Rogers,  Stanford  Linear  Acce- 
larator  Report  265  (1985) 

(26|  W.  Ziegler,  Dissertation,  Technische  Hochschule  Darmstadt  (1990) 

(27|  N.  Huxel,  Diploma  thesis,  Technische  Hochschule  Darmstadt  (1992) 

(28)  M.  Huber,  Diploma  thesis,  Technische  Hochschule  Darmstadt  (1992) 

(29|  J.  Blachot  and  G.  Marguier,  Nucl.  Data  Sheets  52  (1987)  565 


12 


jJCI|  h  Slyirliawk,  li  J  K  T.  Kiio|»Ur,  L.K.  I’ao,  tJ.  Mairic.  H, 

K  S«liindlrr.  V  lirchloW  and  I,.  Friedrich,  E.  Phys.  A207 
||«10)30T 

|JI1  S.P.  ri%o«in.liij.  S.  Penner,  J  W.  l-iRhtbody  Jr.  and  D.  Blum.  Phys. 
R#v.r9(l9T4)  1533 

|321  J.t.  WMe,.F.VV.  lierstnan,  J.H.  Heisenberg,  T.E.  Milliman,  J.P.  Con 
nelly,  J.R.  Calarco  and  C.N.  Papanicolas,  Phys.  Rev.  C42  (1990)  1C77 

(331  W.J.  Alston  III,  H.H.  Wilson  and  E  C.  Booth,  Nucl.  Phys.  A116  (1968) 

281 

|34|  G.  Vourvopouloi,  R,  Shoup  and  B  A.  Brown,  Nucl.  Phys.  .A174  (1971) 

wf  .  ‘  '  • 

(351  J.  Hulstman.  H.p.  Blok,  J.  Verburg,  J.G.  Hoogteyling,  C.B.  Nederveen, 
H,T.  Vijlbricf,  E.J.  Kapslcin,  S.W.  .Milo  and  J.  Blok,  Nucl.  Phys.  A251 
(1975)  269 

136]  Y.  Yiming,  C.E.  Brient,  R.W.  Finlay,  G.  Randers-Pehrson,  A. 
Maremkowski,  R.C.  Taylor  and  J.  Rapaport,  Nucl.  Phys.  A390  (1982) 

(37)  C.  Nardelli,  P.  Pavan  and  G.  Tornielli,  Lett.  Nuovo.  Cim.  38  (1983)  129 

(38)  C.  Budtz- Jorgensen,  P.  Guenther,  A.  Smith,  J.  Whalen,  W.C.  McMur- 
ray,  M.J.  Renan  and  I.J.  van  Heerden,  Z.  Phys.  A319  (1984)  47 

(39)  Ch.  Stoyanov  and  C.Z.  Khuong,  Preprint  JINR  Dubna  P-4-81-234 
(1981) 

(40)  V.Yu.  Ponomarev,  V.G.  Soloviev,  Ch.  Stoyanov  and  A.l.  Vdovin,  Nucl. 
Phys.  A323  (1979  )  446 

(41)  P.M.  Endt,  .At.  Data  Nucl.  Data  Tables  23  (1979)  547 

(42)  P.  von  Neumann-Cosel,  ,A.  Richter,  H.-J.  Schmidt- Briicken,  G. 
Schrieder,  H.  Lenske,  H.H.  WoUer,  J.  Carter,  R.  Jahn,  B.  Kohlmeyer 
and  D.  Schull,  Nucl.  Phys.  A516  (1990)  385 


13 


Table! 

TABLE  1.  Transitions  in  ’'*Y('y,7'). 


.(keV)  • 

{<rT)o 

(eVb) 

5r;/r 

(mcV) 

(from 

b, 

ref.  '<^)! 

ir'/^ 

(fs) 

1507.2(1) 

64.5(36) 

3/2- 

1.00 

23.9::j; 

2881.6(1) 

19.6(12) 

3/2- 

0.96 

i9.9:(.', 

3067.0(3) 

8.2(17) 

3/2- 

'  1.00 

.45.o::,;' 

3106.9(6) 

4.0(22) 

5/2- 

0.87 

loo:',.;" 

3139.0(5) 

2.9(11) 

5/2-' 

0.78 

.  ■  nor: 

3396.1(3) 

.11-7(19) 

35(6) 

3445.3(3) 

5.8(9) 

18(3) 

3480.3(5) 

6.8(24) 

21(8)  , 

3515.6(6) 

2.4(11) 

8(4) 

3/2-,  5/2- 

3660.0(5) 

6.7(18) 

23(6) 

3898.6(5) 

6.1(12) 

24(5) 

■  . 

3991.8(3) 

22.4(25) 

■  93(10) 

3/2-,  5/2- 

0.95  1.00 

9.3!!,',  12.6!! 

4069.8(8) 

1.0(6) 

4(3) 

■ 

4170.2(4) 

25:5(31) 

115(14) 

3/2-, 5/2- 

0.95  ^),  1.00  ^) 

7.5!.',;!;  '^)>  lo.i!! ; 

*)  Isomeric  branching  ratio  from  sect.  3.2 

If  J'  =  with  isomeric  branching  ratios  from  sect.  3.2 

‘=)IfJ'  =  f 


Table  2 


TABLE  2,  Intermediate  states  in  the  photoactivation  of  "‘‘V". 


E, 

(McV) 

(eVb) 

2.9(1) 

0.8(1) 

4.0(2) 

1.2(5) 
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nance  fluore»renre  anci  piiutoactivation  atudiet  Note  the  tfifferent  posiiioti*  of 
tbe  bremtitiaKlun^  converter  (clove  to  the  collimator  for  NRF)  for  the  two  types 
of  ea|>eriment« 

Fig,  2.  Spectrum  of  the  reaction  at  an  endpoint  enerny  ^  5  MeV' 

Fig.  a.  The-Y  iaomer  yield  as  a  function  of  the  bremsatrahlung  endpoint  en 
argy  The  aolid  line  represent*  calculated  value*  ’)  uting  the  intermediate  state* 

^onihT^7."“'  - - -  -  ■—  .  - 

Fig.  4  Comparison  of  the  experimental  integrated  cross  seriion*  (<*!')«  of  g  s 
trans  tion*  in  the  "''Yfp.t')  reaction  with  QPM  calculation*.  The  experiment*' 
spin  assignments  are  from  ref,  *'  ). 

Fig.  5.  Selected  scheme  of  level*  and  partial  decay  widths  from  the  QP.Vl  results 
for  ^Y.  The  graph  it  restricted  to  states  relevant  to  the  photoexcitation  of  ‘''V,"  . 
The  level*  are  split  in  J*  *  3/2'  states  in  the  left  column,  J”  «  5/2‘  states  in 
the  right  column  and  positive  parity  states  in  the  middle.  The  decay  widths  are 
given  in  meV.  Weak  transition*  are  denoted  by  dashed  line*. 
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— jln-the-encyclopedic-revlew-of  Ref .  1.  - 

20*7  'A~ni«r’cbnceptr“bf '  opt ical  pumping  waa  introduced^  in  1982  and  thowed  a  way  to  proceed.  The  theory 
^']^e31?teH  a  clear  fcVaiVility  of  the  gamma-ray  laaer  if  a  nucleua  could  be  found  whoie  propertiea  were 

22  |auffIcietrtiy~cl6'aar~to~th'e'~nodela  of  Fig.  1.  The  aimplett  of  the  new  achemca  ia  the  nuclear  analog  to  the 

23  F'uuy  laaer  ahown  in  Fig.  1  a).  The  pumping  proceae,  called  a  (y,y')  reaction,  haa  been  known  to  nuclear 

24  phyafcTata'  ib'r” over  SO  yeara,  althotigh  poorly  characterized  when  compared  to  particle  reactiona.  Since  1986 
2}  prec'fo'ibn  acTaufemehts  "of  theae  reactiona  have  demonatrated  nuclear  bandwidth  funncling  with  large  effective 

“  28  Wt8thf7~b'gb'^.~fdr~~populat'ing~iaomera.' .  ' 

I  ~  The  moat  attractive  pumping  aeheme  ia.  that.  Of  Fig.  l  b)  where  upcooveralon  ia  Mde  pbaalble  by  pumping 

_ 28 _ laoneca  with  lifeclmea  of  vaara.  In  ehla  eaaa  noae  Innue  anarev  la  In  niara  Iona  bafora  uaa  and  ln*alrii  mmn 


22  I  The  moat  attractive  pumping  aeheme  ia.  that.  Of  Fig.  l  b)  where  upcooveralon  ia  made  pbaalble  by  pumping 
_ 28  laoaerA_iilth.^ifatlaaa..qf_yaara.-.  In.  thia  caae  moat  input  energy  la  in  place  long  before  uae  and  In-altu  pump 

29  raouiremanta  would  be  amall. _ However. „theaa  .favorable  half-llvea  for  energy  atorage  reault  from  the  large 

30  Idifferenee  in  angular  momentum  between  laomara  and  freely  radiating  atatea  to  the  initial  perception  waa  that 

31  tranaitlona  like  that  of  Fig.  1  hi  could  not  occur. 

32  ' 

— Jj-T - The-dumplng-of-the-atored  energy  of-an  laomer  by  a  (v.v')  reaction  waa  flrat  ahown  in  1988  for  the  rare 

— j^nucllde — ^““Ta®, — which— exista  naturally  -aa  lOOX  inverted.  A  milligram  aample  waa  irradiated  with 
— ^^bremaatrahlung-and—f luoreaccnec  due  to  decay  of  the  ground  atate  waa  obaerved.^  Thia  repreaented  a  uaeful 
— jg-abeorptlon-wldth-of-'nearly  0.5  eV.  Mora  -recent  experlmencs^  with  an  x-ray  aource  tunable  between  2  and  5 
— ^y-fleV-have-plnpotnted-the-energlea  for  "two-  laolated  pump  atatea  with  Integrated  croaa  aectiona  each  in  exceta 
— jj-pf— 10*— in-the-u8ual-unlta-of-l0“^®  cm^- keV-: — Theae  are  more  than  an  order  of  magnitude  larger  than  v.-'luea 
— jj-prevlouaiy— obaerved—f or--any  .-(v  iv  ') -reaction  and  are  lb*  larger  than  uaual  valuta  for  populating  iaomera. 

40  Abaorption  thrbujh  funnelling  'atTtea~fike  theaVtakea  place  at  rctonaneea*  which  are  narrow  with  reapect 
[41  ico  the  broad  p<Mp  continue.  The*  croaa'  aectiona  wit'hin~theae'  w*ldtha  afc'mueh  larger  than'thbae  for  excitation 
~  42  of  theae  tranaitlona  by  particl'e'a~and  are  oomparab'fe"tb  'valuta  for  photoelectric  abaorption.  '  Therefore  an 
143  optically  pumped  gamma--ray  laaer  could  be  conatruc'ted  'from' aultable  nuclei  diluted  in  a  thin  lattice  of  low 

44  Z  atoma  auch  aa  C.  The  technology  for  producing '  thin  diamond  films  ia  now  advanced  to  the  point  of 

45  pommercialitation.3  Useful  energy  would  then  be  ab'aorbed  by  the  active  nuclei  even  in  a  one  micron  layer 

46  while  little  heat  could  be  deposited  by  the  primary  electrona  produced  by  nonreaonant  absorption., 

1  —Tha  .aCudy-nf-f-y,Y-i)— reactions- haa- shown-  that  there  are  no  a  priori  obstacles 'to  a  gamma-ray  laser.  More 

ortant,  the.  raault*-of—Refa.— 3  and  4- have  -increased  the  feasibility  of  the  optically  pumped  gamma-ray 
ar  by  13*  . over  that-eoviaiuned .  in--1982. —  The  primary  problem  remaining  ia  to  identify  which  nucleus  has 
SO  bha  -<ght—comblnation-of— energy -levela-and  this  defines  the  direction  of  future  research.  An  extensive 
jf-the-progreas-towarda  thn-gamma?ray  laser  can  be  found  in  Ref.  6. 
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ABSTRACT 

A  ganiffia-ray  laser  would  alimulale  the  emission  of  radiation  at  wavelengths  below  I  %  from  excited  stales  of  nuclei. 

,  Hie  difficullies  in  realizing  weh  a  device  were  considered  insurmountable  when  the  first  cycle  of  study  ended  in  1981 .  Since  then. 
Kseardi  on  the  feasilniily  of  a  gamma-ray  laser  has  taken  a  completely  new  character.  A  nuclear  analog  of  die  ruby  laser  has 
fam  tnd  many  of  the  component  steps  for  pumping  the  nuc'ei  have  been  demonstrated  experimentally.  A  computation 

based  i^ion  die  new  data  and  connpis  of  this  decade  shows  the  gamma-ray  laser  tb  be  feasible  if  some  real  isoti^  has  its 
properties  sufficiently  close  to  the  ideals  modeled. 

PRODUCTION 

At  the  nuclear  level,  long-lived  excited  states  are  known  as  isomers.  Nuclear  melastable  populaticms  can  store  lera-Joiiles 
<!©•*  per  liter  at  solid  densities  for  thousands  of  years  meaning  that  it  would  not  be  necessary  to  pump  a  gamma-ray  laser 
medium  entirely  in  situ.  For  some  cases  the  excited  nuclei  could  be  bred  in  a  reactor  by  neutron  capture  or  other  nuclear  reactions 
Kting  upon  preeursive  elements. 

,  The  prcRxIem  of  suddenly  assembling  a  critical  density  of  prepumped  nuclei  to  reach  the  threshold  for  stimulated  emission 
received  mudi  attention  in  a  fir^  cycle  of  study  (1963-1981).  It  was  generally  concluded  that  such  single  photon  brute  force 
__  aimro^hes  wm  e^oitially  hopeless  and  the  encyclopedic  review  of  Baldwin,  et  al.*  described  the  general  impossibility  of  a 
gamma-ray  laser  based  upon  all  technicpjes  for  pumping  known  in  1980.  That  review  effectively  terminated  all  traditional  lines 
of  approach  to  a  gamma-ray  laser.  However,  those  lines  had  emphasized  the  use  of  intense  particle  fluxes  for  input  energy. 

The  precursors  of  a  new  interdisciplinary  approach^'*  appeared  near  the  end  of  this  first  cycle  and  launched  a 
rmaissanre  in  the  field.  The  basic  theory*'*  •  for  pumping  at  the  nuclear  level  was  in-place  by  1982  for  the  two  possible  variants, 
^herent  and  incoherent  upconversion.  Either  mulliphoton  processes  or  multiple  electromagnetic  transitions  could  be  used  to 
release  the  energy  stored  in  isomers  to  avoid  many  of  the  difficulties  encountered  with  more  traditional  pumping  schemes. 

In  the  decade  since  1980,  research  on  the  feasibility  of  a  gamma-ray  laser  has  taken  a  completely  new  character.  The 
first  half  decade  verified  that  the  concepts  of  quantum  electronics  could  be  applied  al  the  nuclear  level. '^'*^  By  1986  the 
,  blueprint  for  the  a  gamma-ray  laser* '  had  been  established  and  substantial  effort  was  initialed  toward  the  demonstration  of 
feasibility.  This  article  reviews  the  major  advances  of  the  past  five  years  that  have  significantly  increased  the  likelihood  of  the 
feasibility  of  a  gamma-ray  laser. 

CONCEPTS 

The  basic  dependence  of  electron  transition  probabilities  so  limits  the  storage  of  pump  energies*  that  even  now  some 
of  the  largest  pulsed-power  machines  are  able  to  excite  only  millUoules  of  x-ray  laser  output  al  soft  photon  energies.  In  contrast 
dwre  are  four  unique  advantages  of  a  gamma-ray  laser  arising  from  its  operation  upon  electromagnetic  transitions  of  nuclei; 

1)  The  constant  linking  with  lifetime  is  more  favorable  by  orders-of-magnitude  because  of  the  accessibility  of  a  . 
variety  of  transition  moments.  Thus  input  pulses  can  be  integrated  for  longer  times  to  greater  values. 

2)  Nuclear  metastables  store  keV  and  even  MeV  for  years.  With  upconversion  schemes  most  of  the  pump  power  is 
input  long  before  the  time  of  use  and  triggering  requirements  are  small. 

3)  Nuclear  transitions  routinely  exhibit  natural  linewidths.  Without  broadening  electromagnetic  cross  sections  are 
large  uid  values  for  I  A  transitions  typically  ekceed  the  cross  section  for  the  stimulation  of  Nd  in  VAG. 

4)  Woriung  metasiables  imn  be  concentrated  to  solid  densities. 

The  essoitial  «>noept  driving  the  renaissance  in  gamma-ray  laser  research  was  the  'optical'’  pumping  of  nuclei  with 
X  rays.  Ureful.  resonant  absorption  of  pump  power  would  occur  over  short  distances  while  wasted  wavelengths  would  only  be 
degraded  to  heat  in  mudi  larger  volumes.  Of  the  cases  considered,* '  the  nuclear  analog  of  the  ruby  laser  embodied  the  simplest 
concepts  for  a  gamma-ray  laser.  Not  surprisingly,  the  greatest  rate  of  adiievement  in  the  last  five  years  has  been  realized  in  that 
direction  and  this  review  will  be  limited  to  the  results  along  that  line. 

Fw  ruby,  bandwidth  funneling  was  the  critical  key  to  the  develc^ment  of  the  first  laser.  A  broad  ateorptirm  band  was 
finked  dirou^  efficient  C3s«mding  to  dm  narrow  laser  level.  Our  theory*  *  proposed  a  nuclear  analog  of  this  structure  which  was 
unbio^  in  1^^  when  intaisive  experimwits  were  started  for  SDIO.  Now.  that  theory  has  been  confirmed. 

The  principal  figure  of  merit  for  any  bandwidth  funnel  is  the  partial  width  for  the  transfer.  b^b^F.  Figure  I  ld«itifies 
dm  brandling  rali!»  b,  and  i^idi  qiecify  die  prdiabilities  that  a  population  pumped  by  absorptiwi  into  the  j-th  broad  level 
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will  decay  back  into  tlie  initial  or  fluorescent  levels,  respectively.  The  sum  of  branching  ratios  is  seldom  unity  but  llie  maximum 
value  of  partial  width  for  a  particular  level  j  occurs  wlien  b^  "  b^j  “  0.5. 

These  "optical"  pumping  processes  have  been  known  in  nuclear  physics  as  (jt.t’)  reactions  for  over  50  years”'* 
although  relatively  few  results  have  been  published  since  that  lime.  Practical  difficulties  with  llie  calibration  and  availability  of 
sources  of  irradiation  had  limited  i;>e  degree  of  reproducibility  achieved  in  earlier  work  even  for  the  most  tractable  (7.7")  reactions 
for  study,  those  for  the  photoexcitation  of  stable  isotopes  up  to  isomeric  levels.  Fluorescence  can  then  be  observed  after  tlie 
termination  of  the  input  irradiation  and  lessons  can  be  learned  that  can  be  applied  to  the  excitation  of  shorter-lived,  more 
laser-like  levels.  The  archetypical  case  for  study  has  been  the  reaction  ' '  'Cd(7.7')' ' '  Cd"  exciting  tlie  4S.6  min  level  at  3%  keV. 
Three  of  the  most  recent  measurements'’  *'  of  the  fluorescence  efficiency  were  conducted  in  1979.  1982.  and  1987.  Probable 
errors  were  quoted  as  varying  only  from  7  to  14%.  and  yet  no  two  of  the  measurements  were  even  within  a  factor  of  2  of  each 
other.  This  discrepancy  led  to  serious  contentions  over  the  way  in  which  the  expected  fluorescence  yields  were  calculated^  so  one 
of  our  early  challenges  was  to  place  the  "optical"  pumping  of  nuclei  onto  a  firm  quantitative  basis. 

Most  intense  x-ray  sources  emit  continua.  either  as  bremsstrahlung  or  as  spectral  lines  degraded  by  Compton  scattering 
in  the  immediate  environment.  The  time-integrated  yield  of  final-state  nuclei.  N,  obtained  by  irradiating  N,  initial  targets  with  a 
photon  flux  in  photons  cm'*  delivered  in  a  continuum  of  intensities  up  to  an  endpoint  energy  Eq  is.  , 


N,  -N.*o  f 

J  o 


o(E)F(E.EQ)dE 


where  FfE.E^)  is  the  distribution  of  input  intensities  normalized  to  integrate  to  one  over  the  range  of  photon  energies,  and  o(L)  is 
the  effective  cross  section  for  the  excitation  ol  the  final  state  from  the  initial  All  (7.7’)  reactions  occurring  at  energies  below  the 
threshold  for  particle  evaporation  excite  discrete  intermediate  states  or  gateways  like  the  level  i  shown  in  Fig.  I  which  branches  to 
some  extent  into  the  fluorescence  level,  f. 

Although  broad  on  a  nuclear  scale,  the  width  of  level  j  is  narrow  compared  to  the  broad  input  continuum.  The  final-state 
yield  is  then  expressed  as  the  normalized  activation  per  unit  photon  flux.  AjCE^).  ' 

A,(E„) -N,/(N, <*>„)-  J]  (on,. F(E..E„)  .  (2a) 


The  (oO,,  is  the  integrated  cross  section  for  the  production  of  final-states  through  the  excitation  of  the  intermediate  slate  with 
energy  E;  so  that 
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where  A  is  an  energy  small  compared  to  the  spacing  between  intermediate  states  and  large  in  comparison  to  their  widths.  The 
integrated  cross  section  can  be  written  as 

(on„-(Kb.b„roo/2),^  .  (3) 

where  0^/2  is  the  peak  of  the  Breit-Wigner  cross  section  for  the  absorption  step,  and  '%/  X,*  where  X  is  the  wavelength  of  the 
gamma  ray  at  the  resonant  energy.  E^. 

PUMP  CALIBRATION 

The  most  unreliable  sources  of  x  rays  used  in  early  studies  of  (7.7')  reactions  seem  to  have  been  the  nuclear  sources. 
Although  assumed  to  emit  line  spectra,  they  actually  produced  continua  dominated  by  multiple  Compton  scatterings  of  photons  in 
the  irradiation  environment.  Such  multiple  scatterings  are  difficult  to  calculate  and  still  impossible  to  measure  in  practical 
laboratory  configurations.  In  contrast,  bremsstrahlung  spectra  are  routinely  calculated  with  high  accuracy  from  measured 
accelerator  currents  and  target  geometries  by  well-established  computer  codes.** 

In  our  experimental  work  of  the  last  five  years  the  bremsstrahlung  from  five  accelerators  was  used  to  verify  the  model 
of  Eqs.  (1)  -  (3)  and  to  cross-check  the  accelerator  calibrations.  These  devices  were  DNA/PfTHON  at  Physics  International. 
DNA/Aurora  at  the  Harry  Diamond  Ijiboratories.  a  4  MeV  and  a  6  MeV  medical  linac  at  the  University  of  Texas  Health  Sciences 
Center,  and  the  superconducting  injector  to  the  storage  ring  at  Darmstadt ’(S-DALINAC).  Spectra  were  calculated  with  the  EGS4 
coupled  electron/photon  transport  code**  adapted  for  each  experiment,  giving  both  FfE.Ep)  and  <I'o.  In  some  cases  ♦q  wa.s 
verified  by  in-line  dosimetry. 
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Figure  1:  Schematic  represenlalion  of  the  decay  modes  of 
a  gateway  state  of  width  F  sufficiently  large  to  promote 
toidwidth  funneling.  The  initial  state  from  which  popula¬ 
tion  is  excit^  with  an  absorption  cross  section  Og  can  be 
cither'  ground  or  isomeric. 
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Figure  2:  Activation  efficiencies.  A,  for  the  reaction 
•’Sr(T.7')''’Sr'"  are  shown  in  Fig.  2b  (lower)  as  functions  of 
the  endpoint.  Eg  of  the  bremsstrahlung  used  for  excitation 
The  solid  curve  in  Fig.  2b  plots  values  computed  from 
Eq.  (2a)  using  the  gateway  parameters  found  in  the  literature 
and  plotted  with  the  right  axis  in  Fig.  2a  (upper)  together 
with  calculated  photon  spectra  like  that  given  by  the  dashed 
line  and  plotted  with  the  left  axis  in  Fig.  2a.  Figure  2b 
compares  these  Af  values  with  measurements  obtained  from 
four  different  accelerators. 


Table  1 


Summary  of  nuclides,  pump  lines,  and  integrated  cross  sections  for  the  excitation  of  delayed  fluorescence  suitable  for  use  as 


ealilxation  Mandards. 

PUMP  LINE  (on,, 

(keV)  (|(k**  cm*  keV) 

**Br  761  6.2 

**Se  250  0.20 

4«0  0.87 

,  818  0.7 

1005  30 

1078  20 


Hie  literature**  supports  tee  calculation  of  integrated  cross  sections  for  very  few  systems  useful  for  validating  Eqs.  (1) 
Table  I  ^mmarizes  thiKe  i^ich  are  known  with  sufficient  accuracy  to  have  served  as  standaitk  for  the  first  studies, 
h  units  c£  10’**  cm*  txV,  values  range  from  the  order  of  unity  to  a  few  tens  for  bandwidth  funnels  that  are  sufficimt  to 
tfMionstrate  miclear  fluorescsice  from  grams  of  material  at  readily  accessible  levels  of  input, 

b  our  esqieriments  samples  v«te  exposed  to  the  bremsstrahlung  from  the  five  accelerators.  The  activations.  A,  of  Eq. 
WKC  demined  by  «iunting  fluwestxnce  photems  emitted  from  the  samples  after  transferring  them  to  a  quieter  environment. 


Usual  corrections  were  made  for  the  isotopic  abundances,  the  finite  isomer  lifetimes,  tlie  counting  geometry,  the  self-absorption  of 
the  fluorescence,  and  the  tabulated  efficiencies**  **  for  tlte  emission  of  signature  photons  per  decay.  Tlie  self-absorjilion 
correction  was  verified  in  some  cases  by  examining  the  fluorescence  yield  aiising  from  samples  of  tlie  same  mass  and  material  in 
different  geometries. 

Results  were  in  close  agreement**  with  the  predictions  of  Eq.  (2a)  used  with  tlie  values  of  (or),^  sliown  in  Table  I  'Ili.it 
work'eStablished  a  confidence  level  supporting  tlie  use  of  nuclear  activation  as  a  means  of  selectively  sampling  spectral 
intensities.**^  Having  calibrated  the  spectral  sources,  the  persisting  uncertainties  in  the  optical  pumping  of  nuclei  like  ' '  *ln"  and 
•"Cd"  were  resolved.**  ** 

’  To  establish  even  better  calibration  standards,  we  reexamined  the  reaction  **SK7,T‘)**Sr".  principally  with  the 

S-DALINAC  because  the  endpoint  ’  of  its  bremsstrahlung  could  be  varied.  Changing  the  endpoint  energy.  £„  of  the' 
bremsstrahlung  modulates  the  spectral  intensity  FCE^.E^)  at  all  the  resonant  excitation  energies  E^.  The  largest  effect  occurs  when 
is  increased  from  a  value  just  below  a  gateway  at  to  a  value  exceeding  it  as  shown  in  Fig.  2a. 

Early  work**  on  the  ‘^Sr  reaction  showed,  that  a  plot  of  A,(E^)  vs.  bremsstrahlung  endpoint  energy  displayed 
pronounced  activation  edges  at  the  energies.  E^  corresponding  to  the  resonant  excitation  of  new  intermediate  states.  These  edges 
identified  new  gateways  for  the  particular  reaction. 

The  activation  efficiencies.  A,  calculated  from  Eq.  (2a)  using  the  literature  values**  plotted  in  Fig.  2a  are  shown  in  Fig 
2b  together  with  the  measurements  obtained  with  four  accelerators.  The  agreement  is  very  good  between  the  different  accelerators 
and  between  the  experimental  data  and  the  model  calculations.  The  units  of  A|  are  those  of  area  but  they  are  a  type  of  average 
cross  section  quite  different  from  the  Og  of.Eq.  (3)  fhat  describe  individual  transitions  The  small  values  are  the  result  of  the 
broad  bandwidth  of  the  pump  continuum  in  which  most  E  i*  E^. 

These  calibration  studies  confirmed  both  the  model  of  nuclear  activation  of  Eqs.  (I)  -  (3)  and  validated  the  EGS4  code 
for  calculating  bremsstrahlung  intensities  from  measured  accelerator  parameters.  Now,  there  can  be  no  reasonable  doubt  of 
procedures  for  quarditalively  measuring  fluorescence  ef fidertdes  if  experiments  are  carefully  performed  with  bremsstrahlung 
sources. 

GIANT  PUMPING  RESONANCES 

Expressed  as  partial  widths  the  integrated  cross  sections  for  the  excitation  of  the  isomers  seen  in  Table  I  range  from  S  to 
nearly  100  peV.  These  results  left  an  aura  of  credibility  to  the  traditional  impressions  that  partial  widths  for  exciting  isomers 
would  be  limited  to  about  I  peV. 

Tempering  expectations  that  integrated  cross  sections  of  even  this  size  might  occur  for  dumping  of  isomeric  candidates 
for  a  gamma*ray  laser  were  cocKems  for  the  conservation  of  projections  of  the  nuclear  angular  momenta." "Many  of  the 
candidates  belong  to  the  class  of  nuclei  deformed  from  the  normally  ^herical  shape  for  which  the  dominant  quantum  number  is 
K..the  projection  of  individual  nucleonic  angular  momenta  upon  the  axis  of  elongation.  To  this  is  added  the  collective  rotation  of 
the  nucleus  to  obtain  the  total  angular  momentum  J.  The  resulting  system  of  energy  levels  resembles  those  of  a  diatomic  molecule 
for  which 

E,(K.J)  -  E„(K)  ♦  B.Ja  ♦  1)  .  (4) 

where  J  >  K  >  0  and  J  takes  values  |K|,  |K|  ♦  1.  |K|  ♦  2 .  In  (his  expression  is  a  constant  and  E„(K)  is  the  lowest  energy 

for  any  level  in  the  resulting  'band'  identified  by  other  quantum  numbers  n.  The  selection  rules  for  electromagnetic  transitions 
require  |AJ|  <  M  and  |AK|  <  M,  where  M  is  the  multipolarity  of  the  transition. 

For  deformed  nuclei,  (he  isomer  has  a  large  lifetime  because  its  value  of  K  differs  considerably  from  those  of  lower, 
freely-radiating  levels.  Thus  bandwidth  funneling  like  that  shown  in  Fig.  1  must  span  substantial  AK  and  component  transitions 
have  been  expected  to  have  large,  and  hence  unlikely,  multipolarities. 

From  this  perspective  the  candidate  isomer.  ‘  “Ta**  was  the  most  initially  unattractive  as  it  had  the  largest  change  of 
angular  momentum  between  isomer  and  ground  state.  Sh.  However,  because  it  was  the  only  isomer  for  which  a  macroscopic 
sample  was  readily  available.  **^a"  became  the  first  isomeric  material  to  be  optically  dumped  to  a  fluorescent  level. 

This  isomer  carries  a  <hial  distinction.  It  is  the  rarest  stable  isotope  occurring  in  nature  and  it  is  the  only  naturally 
occurring  isomer.  The  actual  ground  state  of  '**Ta  is  1’  with  a  halflife  of  8.1  hours  while  the  tantalum  nucleus  of  mass  180 
occurring  with  0.012%  natural  abundance  is  the  9"  isomer.  **®Ta“.  The  isomer  has  ^n  adopted  excitation  energy  of  75.3  keV 
and  halflife  in  excess  of  1.2  X  10*  *  years.^** 

In  1987  we  exposed  1.2  mg  of  ••®Ta"  to  the  bremsstrahlung-from  the  6  MeV  linac  and  obtained  a  large  fluorescence 
yield.**  This  was  the  first  time  an  isomer  had  been  dumped  by  a  (t.t’)  reaction  as  needed  for  a  gamma-ray  laser  and  was  the 
first  evidence  of  the  existence  of  giant  pumping  resonances.  Simply  the  observation  of  fluorescence  from  a  milligram  sized  target 
proved  that  an  unexpected  reaction  diannel  had  opened  since  grams  of  material  are  usually  required  in  this  type  of  experiment. 
Analyses**-**  of  the  data  indicated,  that  the  partial  width  for  the  dumping  of  **®Ta"  was  around  0.5  eV. 


The  gateway  wergies.  for  the  ••*Ta"  thimping  reaction  were  determined  from  et^riments  using  the  S-DALINAC.®^ 
^  activation  edge  was  clearly  s«n  in  the  data  diown  in  Fig.  3b.  Values  for  wen  cAtained  from  Eq.  (2a)  to  determine  the 
integrated  crMS  SKtions  for  the  dumping  of  ••*Ta"  Isomeric  peculations  into  freely-radiating  stales.  Reported  valuc-s”  are 
summarixed  In  Table  H  and  diown  schematically  in  Fig.  3a. 

Table  II 

Remilly  ineasur«l  values  of  integrated  croK  section.  (oDu  for  the  reaction  '  •®Ta'"(7.7‘)'  ‘“Ta.  The  ga  eway  excitation  energies. 
E  for  these  levels  are  given  at  the  centers  of  die  ranges  of  energies  that  could  be  resolved  experimwially. 


Energy 
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Figure  3:  Activation  efficiencies.  A,  for  the  reaction 

•  •*Ta"(T.7')*  *®Ta  are  shown  in  Fig.  3b  (lower)  as  fuiKtions  of  the 
enc^int.  Eg  of  (be  bremsstrahlung  used  for  excitation  Gateway 
parameters  obtained  by  fitting  (he  data  using  Eq.  (2a)  are  plotted  with 
the  right  axis  in  Fig.  3a  (upper).  These  parameters  were  determined 
•  _  _  using  calculated  photon  spectra  like  that  given  by  the  dashed  line  and 
plotted  with  the  left  axis  in  Fig.  3a. 

The  values  in  Tabk  D  are  enormous,  exceeding  anything  previously  reported  for  transfer  through  a  bandwidth  funnel  by 
two  orders  of  magnitude,  h  fact  they  are  lO.OCX)  times  larger  than  the  values  usually  rheasured  for  nuclei.  This  proves  that  the 
remrictiw  guidelines  omtomarily  afcticd  to  optical  pumping  of  nuclei  ate  nearly  10*  times  too  pessimistic. 

The  width  of  die  transfer  process  is  difficult  to  inhupret  and  a  complex  puzzle  is  also  found  in  the  efficiency  with  whidi 
^  is  bat^err^  An  interesting  speculation  is  that  at  certain  excitation  energies,  collertive  core  oscillations  Imak  smne  of  (he 
^nnMtites  Iv  whidi  pure  single particte  dates  are  identified.  Admixtures  of  single^article  states  of  differing  K  wo>M  enhance 
die  traisfer  of  lar^  amounts  of  AK  with  greater  partial  widths.  Support  for  this  idea  was  found  in  recent  measurements  for  the 
deexcitation  of  the  ***Hf*  isomer.**  The  d«ay  of  that  isomer  to  the  ground  slate  was  found  to  o«ur  primarily  through  an 
mtermediate  state  lying  at  2685  keV  in  idikh  K  mixing  occurred  so  that  AK  -  14  was  lost.  This  is  remarkably  close  to  the 
energy  of  the  K*mixing  level  at  2800  t  100 1»V  for  ••®Ta.  The  close  similarity  of  the  energetics  shown  in  Fig.  4  for  nuclei  with 


such  dissimilar  single-particle  structures  supporCritic  idenlificarron  of^  this  K-mrtrng  process  «  a  roM^propeftir 
slowly  among  neighboring  nuclei.  . 
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Figure  4:  Energetics  for  the  aponlanrous  ebeay  of 
through  an  intermediale  state  providing  AK»I4 
compared  with  those  for  the  dumping  of  '  '°Ta*  llirough 
a  similar  intermediate  state.  In  the  case  of  '**^74**.  the 
dumping  reaction  provides  ' AK>K  Both  gateways  are 
cspected  tp  he  admixtures  of  single-particle  states,  thereby 
producing  significant  1C  mixing. 


Figure  5'  Integiatnt  cross  sections  fix  pumjilng  isonn't  i. 
nuclei  obtained  in  ibe  survey  of  Kefs  iS  amf  17  llir  gfoiti> 
ings  correspond  to  masa' islands  heiween  magK-  numlers  Im 
neutrons  and  protons.  The  best  eandidaies  fix  a  gamma  ras 
laser  lie  within  the  mass  IftO  islsmt  Within  each  isiariil  i(>r 
Milegralcd  cross  sections  and  the  excitation  energies  of  liic 
giant  pumping  rewxiances  mdicaled  by  the  K  synitvils  van 
only  slowly  with  changing  man  mimlier.  A 


A  Mfvey  of  nineteen  isotopes**  conducted  with  the  four  U.S  acceleralcxs  over  a  (airly  coaiw  mesh  of  hiemssf.rahlung 
endpoints  demonstrated  that  giant  pumping  resonances  (or  breaking  K  were  common  among  nurlei  neighboring  "'^Ta  '  I  igvt'r  S 
■hows  how  the  integrated  cross  sections  (or  pumping  or  dumping  isomers  vary  slow';  ' with  changing  A  in  this  mass  reguxi  cod 
continue  to  be  on  the  order  of  lO.OOC  times  greater  than  usual  values  Large  pumping  resonances  were  also  indicaled  for  masvr> 
near  130  and  this  waa  confirn<ed  by  a  higher  resolution  study  using  the  S-DALD'IAC.**  More  importantly,  unproved 
systemalks*'*  were  recently  obtained  with  the'  S-DALINAC  for  four  isotopes  near  mass  140  Tlie  excitation  energies  of  itx 
pumping  resonanots  were  determined  as  given  m  Fig.  S.  The  locations  of  those  rcscxianccs  as  well  as  their  integrated  cross 
Mctkms  swtre  shown  to  vary  iitilc  among  neighboring  maaacs. 

Whatever  dte  mechanisms,  the  experimental  fact  remains  that  interband-transfrr  processes  connecting  lO' isomeric  levels 
can  he  pumped  through  enormous  partial  widths  reaching  O.S  cV,  even  when  the  transfer  of  angular  momentum  must  be  as  great 
aa  AlC  e  8,  or  even  AK  *  14.  It  asems  this  is  the  nuclear  analog  of  the  giant  resonance  for  pumping  ruby  at  the  alomK  level 
Elucidalion  of  the  process  has  been  propelled  into  a  place  of  future  importance. 

CONCLUSIONS  -  A  LASER  MODEL 

The  I990‘s  model  of  a  gamma-ray  laser  is  fundaiumtally  identical  to  the  nuclear  analog  of  the  ruby  laser  described' '  in 
1982.  A  thin  film  of  diluent  would  be  doped  with  iaomcrie  nuclei  and  pumped  with  a  flash  of  x  rays.  For  this  model  the 
^iwslion  remains  whether  or  not  the  properties  of  some  real  nuclide  approach  those  of  the  ideal.  The  discovery  of  giant  pumping 
rcsonanees  relaxes  some  of  the  original  constraints  and  improves  the  feasibility  of  a  gamma-ray  laser  by  cydcrs-of-magniiude 
over  dm  cstiouilc  of  1982.  Thus  the  mociet  can  be  recomputed  in  terms  the  new  data  of  the  past  five  years. 


Since  the  better  candidate  isomers  for  a  gamma-ray  laser  have  never  been  fabricated  in  macros  opic  amounts,  the  precise 
identity  of  the  best  nuclide  to-  model  is  not  known.  Therefore  the  assumptions  introduced  for  (his  model  critically  affect  the 
emiautes  of  feasibility  in  strongly  nonlinear  ways.  These  were: 

l>  The  pump  band  is  one  of  the  newly  discovered  giant  pumping  resonances  with  a  partial  width  of  b^b^F  >  I  eV. 

2)  The  pump  transition  is  centered  on  an  energy  Ej  •  30  keV. 

3>  The  initial  state  is  assumed  to  be  isomeric  with  an  excitation  energy  so  high  that  2>  is  possible. 

4)  The  output  transition  is  around  100  keV. 

9  The  nuclei  are  diluted  in  a  thin  film  of  diamond  or  Ele. 

6)  The  Borrmann  effect  enhances  (he  ratio  of  resonant  to  nonresonani  absorption  by  10  x. 
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M  ^  AluanI  Aan  Ilia  MI'I  far  |Hiin|»  |>t»olo««  Tina  m»»m  Aal  a  linn  film  of  diamorM  ran  I*  ik^iad  l.i  «<»  moM  id 
mridml  idwlona  m  Ilia  ItanduMlth  M  Ilia  giani  |Nifii|iMg  ra^manca  mfiila  Ilia  maiorily  «d  Ilia  niHirawManl  |dn»««a«%  »fll  |,a<A 
Aroit^  dia  film  »nl«  Aa  atdiMrala  whnfi  ran  ha  cwdad  hy  aMaiion  nr  tryoganirti  Any  inimary  |)liiH<»lmlriai«  »d,'  ilian  anafia 
W««  diaw  anatgy  it  ilrgradad  lo  haal 

Aaauming  a  amgla  giMil  rawmanaa  AiminaWt  aa  Aal  llir  turn  it  imnaraviaiv  w  I  ^  <Ja>  and  tnlvmy  f<« 
JO  laV  pump  pholont  umuM  giia  a  t|iaclral  llurnra  a<  Ihradndd  ol  i  mJcin  *  aV  •  l»a  iJa- 

liialy  catat  of  iai»  aarlh  or  plalmidR  atamanlt.  lha  10  kaV  pump  anargy  liat  halow  (lia  K  adga  and  alaiui  15  kaV  ahova  Ilia  I  ailya 
At  a  ratull,  primary  fdmloaltclront  tlwuld  haaa  anargiat  of  Ilia  ordrr  of  15  kaV  and  rawgat  of  h  0  and  10  lim  m  Ma  and  I 
imptrliaaly  ••  Thut  only  about  10%  and  20%  of  lha  primariat.  raspaciiraly,  tfinold  In  tlo|i|ia«f  in  a  IniM  film  ol  Hr  o» 
Atmimd  mill -a  Anknas*  of  0  67  pm  corratponding  lo  lha  Mfl’  for  ravmani  absorvlion  ai  a  rnnimlrtliiin  ol  lO'X  Pian  iIh- 
frarliom  of  lha  mcidml  pump  anwgy  ndinli  aia  drgiadrd  inlo  haal  m  (lia  laiirf  film  Imausa  id  nonrasoiianl  aliv>r|il(im  an- 
l<llr>-4«»l0*8ndf(r)»2«K  10*  ■ 

f!dga  fillart  or  ablation  layart  could  rathu*  lha  pump  handniAh  to  J  kaV  m  lha  mtnlnil  fluarea  lying  lailndr  llir 
handmdih  for  ratnnani  atMorplion  mmld  be  3000  limat  grralar  than  the  valua  found  almva  Mouaiar .  only  slw  fraclwais  f(|W) 
and  f<C)  tan  he  degraded  inio  heal.  The  ratulimg  fluenoet  degraded  lo  heal  for  He  and  diamornl  aie  127  niJ  tm  *  and  255  ml 
cm  *  rMpnclirely. 

The  Iheimat  energy  loading  of  the  laurr  film  it  1.9  kj  cm  ’  for  Be  and  3  I!  kj  cm  *  for  diamond  Tlirsr  laloai  are  qmia 
Mgntficanlly  tgliJi  level*  of  heating  required  lo  degrade  Ihe  racoil  free  fractions  for  (he  host  tallice  Baldmn  liar 
tummaiiMd*  Ihe  dF()endmcc  of  Ihe  aecoilfree  fraction  of  gamma  Iransdions  upon  recoil  energy,  lattice  paramatars.  and 
lamparaluat.  He  Aowt  that  even  at  a  temperature.  T“0„,  the  Dehye  tempeiature,  tlie  recoil-free  fraction  is  not  significantly 
drgradad  (by  more  than  a  factor  of  2)  even  for  a  transition  giving  a  classical  recoil  energy  of  0  14  0^  In  diamond  mih 
•  2230  K  Ihi*  means  a  transition  of  100  keV  is  little  affected  by  a  tamparatura  increa-^  up  to  T  -  0p.  The  anargy  content  of 
At  lAonons  of  a  material  with  0p  •  2230  K  at  a  temperature  of  T  «  is  estimated*’  lo  be  about  1 1  kJ  cm  *.  Tlie  estimated 
loading  of  3.8  kJ  cm  *  gives  a  ‘safely  facioa*  of  almost  three  for  C  with  a  comparable  margin  for  Be. 

‘  The  ^xclral  flueryoe  of  177  mJ  cm'*  cV  corresponds  lo  530  J  cm'*  for  a  pump  bandwidth  of  3  keV.  Ever  if  pumped 
inslanlanrously  the  thermal  loading  would  reach  only  1/3 'of  lha  limit  for  retaining  Ihe  Mossbauer  effect.  If  derived  from  an 
B'ray  line  of  30  cV  width,  the  threshold  fluence  would  be  only  5.3  J  cm'*  and  the  thermal  loading  would  reach  only  1/300  of  the 
critical  limit  for  a  diamond  lailioe. 

Much  can  be  done  lo  reduce  heating  further.  The  above  calculations  assumed  the  insianianaous  generation  of  the  waste 
heal.  The  lime  for  Ihe  transport  of  a  phonon  across  Ihe  0.67  pro  film  is  of  the  order  of  only  100  psee  so  thal  significant  amounts 
ef  heal  could  be  transported  into  a  diamond  heal  sink  on  a  nanosecond  time  scale.  Yet  most  of  the  fluorescent  levels  of  interest 
for  mversion*  *  have  lifetimes  of  Uns  of  nanoseconds  lo  tens  of  microseconds.  Thus  more  orders  of  magnitude  can  be  realized  in 
reduemg  the  thermal  loading  further  below  Ihe  limits  specified  so  far.  However,  all  these  techniques  require  precise  knowledge 
diout  Ac  energy  levels  and  absorption  edges  of  Ihe  materials  involved.  Until  the  idr^tity  of  the  best  candidate  for  a  gamma-ray 
fastt-  is  known,  the  exact  specifications  of  the  solution  to  Ihe  disposal  of  Ihe  waste  heat  cannot  be  generally  articulated.  -The 
examples  comideied  here  show  thal  there  are  many  orders-of-magnitude  in  Ihe  safely  margin  betyveen  likely  amounts  of  heating 
and  die  mudi  largH*  amounts  which  can  be  tolerated  in  stiff  lattices  such  as  Be  and  diamond. 

The  gieaAst  significance  is  that  Ihe  persistent  tenets  of  theoretical  dogma  which  have  historically*  inhibited  the 
devtiopmeni  of  a'  gamma-ray  laser  are  eliminated  by  studies  of  the  past  five  years  .  There  is  no  need  to  melt  the  h<^  lattice  in 
wder  to  pump  a  nuclear  ^tem  to  the  laser  Arediold.  T/iere  are  no  a  priori  obstacles  to  the  realization  of  a  gamma-ray  laser.  A 
-  gamma-ray  tmer  is  feasible  i f  tlx  right  combination  of  energy  levels  occurs  in  some  real  materied.  The  overriding  question  to 
resolve  is  whether  or  ikM  one  of  the  faster  of  the  candidate  nuclides  has  its  isomeric  level  within  a  few  tens  or  even  hundreds  of 
teV  of  one  of  Ae  giant  resonances  for  Armping  angular  momenta.  - 
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-  ABSTRACT 

A  tanuia-ray  laser  would  stimulate  the  emission  of  radiation  at  wavelengths 
batow  1  A  from  excited  states  of  nuclei.  However,  the  difficulties  in  realizing  such 
a  device  were  considered  Insurmountable  when  the  problem  was  last  reviewed  In  1981. 
Nevertheless,  research  on  the  feasibility  of  a  gamma-ray  laser  has  taken  a  completely 
new  character  since  then.  A  nuclear  analog  of  the  ruby  laser  has  been  proposed  and 
■any  of  the  component  steps  for  pumping  the  nuclei  have  been  demonstrated  experimen¬ 
tally.  A  quantitative  model  based  upon  the  new  data  and  concepts  of  this  decade 
shows  the  gamma-ray  laser  to  be  feasible  if  some  real  Isotope  has  Its  properties 
sufficiently  close  to  the  ideals  modeled. 


L _ INTPOPV'CTIQN 

At  the  nuclear  level,  long-lived  excited  states  are  known  as  Isomers.  Popula¬ 
tions  of  'these  nuclear  metastables  can  store  energies  of  tera-Joules  (10*^  J)  per 
liter  at  solid  densities  for  thousands  of  years.  Such  long  storage  times  mean  that 
It  would  not  be  necessary  to  pump  a  gamma-ray  laser  medium  entirely  in  situ.  For 
some  cases  the  excited  nuclei  could  be  bred  in  a  reactor  from  a  parent  material  that 
captures  a  neutron  or  from  a  specific  nuclear  reaction  acting  upon  precursive 
elements . 


The  problem  of  suddenly  assembling  a  critical  density  of  prepumped  nuclei  to 
reach  the  threshold  for  stimulated  emission  received  much  attention  In  the  early 
literature  and  excellent  reviews  are  available.*  Unhappily,  It  was  generally 
concluded  that  such  single  photon,  brute  force  approaches  were  essentially  hopeless. 
In  an  encyclopedic  review,  Baldwin  and  coauthors*  concluded  the  general  impossibility 
of  a  gamma-ray  laser  based  upon  all  techniques  for  pumping  known  in  1980.  That 
review  effectively  terminated  all  traditional  lines  of  approach  to  a  gamma- ray  laser. 
However,  in  the  earlier  work  the  greatest  emphasis  had  been  placed  upon  the  use  of 
intense  particle  fluxes  for  input  energy. 

In  1979  we  began  the  Introduction^'**  of  a  new  interdisciplinary  concept  of 
upconversion  '  which  launched  a  renaissance  in  the  field.  The  basic  theory®  of 
upconversion  at  the  nuclear  level  was  in-place  by  1982  for  the  two  possible  variants, 
coherent  and  incoherent  upconversion.  Involving  either  multiphoton  processes  or 
multiple  electromagnetic  transitions  to  release  the  energy  stored  in  isomers,  many  of 
the  difficulties  encountered  with  more  traditional  pumping  schemes  did  not  arise. 

In  the  decade  since  1980,  research  on  the  feasibility  of  a  gamma-ray  laser  has 
taken  a  completely  new  character.  The  purpose  of  this  article  is  to  review  the 
advances  of  this  past  decade  that  have  significantly  Increased  the  likelihood  of  the 
feasibility  of  a  gamma- ray  laser.  ■ 

2.  CONCEPTS 

At  first  approach  it  would  seem  that  the  prospects  for  all  ultrashort  wavelength 
lasers  would  be  vitiated  by  a  very  fundamental  factor.*  The  basic  i/®  dependence  of 
electron  transition  probabilities  so  limits  the  storage  of  pump  energies  that  even 
now  some  of  the  largest  pulsed  power  machines  are  able  to  excite  only  milliJoules  of 
x-ray  laser  output  and  then  only  at  soft  photon  energies  of  little  applicability  In 
contrast  there  are  four  unique  advantages  of  a  gamma-ray  laser  that  would  accrue  from 
its  operation  upon  electromagnetic  transitions  of  nuclei: 
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••eh  other.  This  discrepancy  led  to  serious  contentions  over  the  way  in  which  the 
expected  fluorescence  yields  were  calculated.**  One  of  the  early  challenges  of  the 
renaissance  period  was  to  place  the  "optical"  pumping  of  nuclei  onto  a  firm  quantita¬ 
tive  basis. 

For  a  sample  which  is  optically  thin  at  the  pump  wavelength,  a  computation  of 
the  number  of  nuclei  pumped  into  a  fluorescence  level  in  the  scheme  of  Fig.  1-  is 
straightforward.  Most  intense  x-ray  sources  emit  pontlnua,  either  because  brems- 
strahlung  is  initially  produced  or  because  spectral  lines  are  degraded  by  Compton 
scattering  in  the  Immediate  environment.  The  time  integrated  yield  of  final-state 
nuclei,  Nj  obtained  by  irradiating  initial  targets  with  a  photon  flux  in  photons 
cm'*  delivered  in  a  continuum  of  intensities  up  to  an  end  point  energy  is, 

8*  -  /**®(E)F(E.E„)dE  ,  (1) 

J  s 

where  FCE.E.)  is,  the  distribution  of  intensities  within  the  input  spectrum  normallred 
so  that 

F<E.E„)dE  -  1  ,  (2) 

and  o(E)  Is  the  effective  cross  section  for  the  excitation  of  the  final  state  from 
the  initial. 

All  <7, 7*)  reactions  occurring  at  energies  below  the  threshold  for  particle 
evaporation  excite  bound  Intermediate  states  of  nuclei  as  shown  in  Fig.  1.  Although 
only  one  Intermediate  state  appears  in  Fig.  1,  there  could  be  more.  Each  would  be 
excited  at  a  different  pump  energy  but  all  would  branch  to  some  extent  into  the  same 
fluorescence  level,  f.  The  j-th  intermediate  is  shown  in  Fig.  1  as  typical. 


—  Although  the  width  of  level  j  is  broad  on  a  nuclear  scale,  it  is  narrow  in 
comparison  to  the  scale  of  energies,  E  over  which  FCE.E^)  varies.  Then,  the 
final-state  yield,  expressed  as  the  normalized  activation  per  unit  photon  flux  A,(E„) 
produced  with  bremsstrahlung  having  an  end  point  of  E.  can  be  written  from  Eq.  (1) 
as. 

=  <ar),/(Ej.E,)  (3a) 


In  this  expression  (or)jj  is  the  integrated  cross  section  for  the  production  of 
final-state  as  a  result  of  the  excitation  of  the  intermediate  state  E-  with 
bremsstrahlung  described  by  the  spectral  function  F(E,E(,).  so  that 


r  V* 
J 


o(E)dE 


<3b) 


where  A  is  an  energy  small  compared  to  the  spacing  between  intermediate  states  and 
large  in  comparison  to  their  widths.  Levels  of  this  type  are  sometimes  called 
gateways  or  doorways. 


It  is  straightforward  to  show  that, 
: _  -  (>rb.b„ro^2),j 


.  ,  (48) 

where  0^/2  is  the  peak  of  the  Breit-Wlgner  cross  section  for  the  absorption  step,  and 

21,+1  1 

" —  -  -  .  (4b) 

2n  21^1  0^1  ^ 


t68  /SPKVoL  tSSI  Ultrashort-WawlengthLa»rsl1991) 


vhere  A  is  the  wavelength  of  the  ganuna  ray  at  the  resonant  energy,  E^;  I  and  I,  are 
the  nuclear  spins  of  the  excited  and  ground  states,  respectively;  and  Op  Is  the  total 
Internal  conversion  coefficient  for  the  system  shown  in  Fig.  1. 


Figure  1:  Schematic  representation  of 
the  decay  modes  of  a  gateway  state  of 
width  r  sufficiently  large  to  promote 
bandwidth  funnel ing.  The  Initial  state 
from  which  population  is  excited  with 
an  absorption  cross  section  can  be 
either- ground  or  isomeric. 


Figure  2:  Activation'  efficiencies,  Aj 

for  the  reaction  ®^Sr(7,7' )*^Sr“  as  func¬ 
tions  of  the  end  point,  of  the 

bremsstrahlung  used  for  excitation. 
Dotted  and  solid  curves  plot  values  com¬ 
puted  from  Eq.  (3a)  using  Ref.  27  for 
comparison  with  measurements  obtained 
from  the  accelerators  indicated  by  the 
type  of  symbol  shown. 


From  the  perspective  of  laser  physics  the  most  unreliable  sourcesvbf  energetic 
photons  used  in  early  studies  of  (7,7')  reactions  seem  to  have  been  the  nuclear 
sources.  Although  assumed  to  emit  line  spectra y  in  actual  usage  they  produced 
intensities  which  were  dominated  by  the  continue  resulting  from  multiple  Compton 
scatterings  of  photons  by  the  large  amounts  of  shielding  in  the  irradiation  environ¬ 
ment.  Such  multiple  scatterings  are  difficult  to  calculate  and  still  impossible  to 
measure  in  practical  laboratory  configurations.  In  contrast,  the  spectral  intensi¬ 
ties  of  bremsstrahlung  are  routinely  calculated  with  high  accuracy  from  measured 
accelerator  currents  and  target  geometries  by  well-established  codes. ^ 


In  our  experimental  work  of  the  last  five  years  the  bremsstrahlung  from  five 
accelerators  in  different  experimental  environments  was  used  to  verify  the  fluores¬ 
cence  model  of  Eqs.  (1)  -  (4b)  and  to  cross-check  the  accelerator  intensities.  The 
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devices  Involved  In  this  effort  were  DNA/PITHON  at  Physics  International,  DNA/Aurora 
at  the  Harry  Diamond  laboratories,  a  4  MeV  and  a  6  MeV  medical  llnac  at  the  Univer¬ 
sity  of  Texas  Health  Sciences  Center,  and  the  superconducting  Injector  to  the  storage 
ring  at  Darmstadt  <S-DAL1NAC).  Spectral  Intensities  were  calculated  with  the  coupled 
alectron/photon  transport  code^®  ECSf  adapted  for  each  Individual  configuration  from 
closely  monitored  values  of  accelerator  currents.  In  this  way  both  P(E,Eg)  and 
were  obtained.  In  some  cases  was  separately  verified  by  In-line  dosimetry. 

Table  I 

Summary  of  nuclides,  pump  lines,  and  Integrated  cross  sections  for  the  excitation  of 
delayed  fluorescence  suitable  for  use  as  calibration  standards. 


PUMP  LINE  *b,boro,/2 

(keV)  (10-2®  cm®  keV) 


»®Br  761  6.2 

”Se  .  .  250  0.20 

480  0.87, 

818  0.7 

1005  30 

22Sln  1078  ,  ,20 

Of  the  many  potential  systems  which  might  be  used  to  confirm  the  formulations 
of  Eq.  (1)  through  (4b),  the  literature®^  supports  the  calculation  of  integrated  cross 
sections  for  very  few.  Table  I  summarizes  those  which  are  known  with  sufficient 
accuracy  to  serve  as  standards.  In  the  convenient  units  of  lO"®*  cm®  keV,  values 
range  from  the  order  of  unity  to  a  few  tens  for  bandwidth  funnels'  that  are  sufficient 
for  demonstrations  of  nuclear  fluorescence  from'  reasonable  amounts  of  material  at 
readily  accessible  levels  of  input. 

In  our  Experiments  samples  with  typical  masses  of  grams  were  exposed  to  the 
bremsstrahlung  from  the  five  accelerators  for  times  ranging  from  seconds  to  hours  for 
the  continuously  operating  machines  and  to  single  flashes  from  the  pulsed  devices. 
The  activations,  Aj  of  Eq.  (3a)  were  determined  by  counting  the  photons  spontaneously 
emitted  from  the  samples  after  transferring  them  to  a  ouieter  environment.  Usual 
corrections  were  made  for  the  isotopic  abundance,  for  the  loss  of  activity  during 
Irradiation  and  transit,  for  the  counting  geometry,  for  the  self -absorption  of  the 
fluorescence,  and  for  the  tabulated  efficiencies®®  for  the  emission  of  signature 
photons  from  the  populations,  N,.  The  self -absorption  correction  required-  a 
calculation  of  photon  transport  which  was  verified  in  some  cases  by  confirming  Chat 
the  same  sample  masses  in  different  geometries  with  different  correction  factors  gave 
the  same  final  populations. 

Results  were  in  close  agreement®®  with  the  predictions  of  Eq.  (3a)  used  with  the 
values  of  (oPjjj  shown  in  Table  1.  That  work  established  a  confidence  level 
sufficient  to  support  the  use  of  nuclear  activation  as  a  means  of  selectively 
sampling  spectral  intensities  of  single  pulses  of  intense  contlnua  to  determine 
absolute  Intensities  as  functions  of  wavelength.®*  Having  calibrated  the  spectral 
sources  the  persisting  uncertainties  in  the  optical  pumping  of  ®®®ln®  and  ®®®Cd“  were 
resolved.®®*®® 

As  part  of  the  calibration  effort  reported  here,  we  reexamined  the  reaction 
•®Sr(7,y*)®®Sr*".  Particularly  valuable  were  the  data  obtained  with  the  S-DALINAC 
because  the  end  point  of  the  bremsstrahlung  could  be  varied.  A  change  of  the  end 
point  energy,  of  the  bremsstrahlung,  as  well  as  altering  modulates  the  spectral 
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intensity  function  F(Ej,Eg)  at  all  of  the  Important  energies  for  resonant  excitation 
E,.  The  largest  effect  occurs  when  E^  Is  Increased  from  a  value  just  below  some 
Intermediate  state  at  Ej  to  one  exceeding  it  so  that  F(Ej,Eg)  varies  from  zero  to  some 
finite  value. 


Early  work*^  on  (7,7')  reactions  showed  that  a  plot  of  activation,  Af(Eq)  as  a 
function  of  bremsstrahlung  end  point  energy  displayed  very  pronounced  activation 
edges  at  the  energies,  Ej  corresponding  to  the  resonant  excitation  of  new  intermedi¬ 
ate  states.  Such  edges  enabled  new  gateways  to  be  identified  for  a  particular 
reaction. 

The  activation  efficiencies,  Aj  calculated  from  Eq.  (3a)  using  the  literature 
values*^  are  shown  in  Fig.  2  tbgether  with  the  measurements  obtained  with  four  of  the 
accelerators.  As  can  be  seen,  agreement  is  very  good  between  the  different  accelera¬ 
tors  and  between  the  experimental  data  and  the  model  calculations.  The  units  of  Aj 
in  Fig.  2  are’  those  of  area  because  they  are  a  type  of  average  cross  section  quite 
different  from  the  of  Eq.  (Aa)  that  describe  Individual  transitions.  The  small 
plotted  values  are  the  result  of  averaging  the  large  at  the  resonant  E^  over  the 
broad  bandwidth  of  F(E,E,)  in  which  most  E  Ej. 


These  calibration  studies  served  to  confirm  both  the  traditional  model  of 
nuclear  activation  summarized  in  Eq.  (1)  -  (Ab)  and  to  validate  the  EGSA  code  for 
calculating  bremsstrahlung  intensities  from  measured  accelerator  parameters.  Vov , 
there  can  be  no  reasonable  doubt  of  procedures  for  quantitatively  measuring  fluores¬ 
cence  efficiencies  if  an  experiment  is  carefully  performed  with  a  bremsstrahlung 
source  of  pump  radiation . 

.  ‘  A.  GIANT  PUMPING  RESONANCES 

If  expressed  as  partial  widths  the  integrated  cross  sections  for  the  excitation 
of  ^^Se“,  ’®Br“,  and.  ^'^In™  seen  in  Table  1  corresponded  to  39,  5,  and  9A  /leV,  respec¬ 
tively'.  While  technically  breaking  the  rule-of-thumb  these  results  still  left  an 
aura  of  credibility  to  the  traditional  impressions  that  partial  widths  for  exciting 
isomers  would  be  limited  to  1  peV , 

Tempering  expectations  that  integrated  cross  sections  of  even  this  size  might  be 
expected  for  the  dumping  of  actual  Isomeric  candidates  for  a  gamma- ray  laser  was  a 
concern  for  the  conservation  of  various  projections  of  the  angular  momenta  of  the 
nuclei.  Many  of  the  interesting  isomers  belong  to  the  class  of  nuclei  deformed  from 


the  normally  ■ spherical  shape.  For  those  systems  the 


re  is  a  quantum  number  of 


dominant  importance,  K  which  is  the  projection  of  individual  nucleonic  angular 


momenta  upon  the  axis  of  elongation.  To  this  is  added  thj 
nucleus  to  obtain  the  total  angular  momentum  J.  The 
levels  resembles  those  of  a  diatomic  molecule  for  which 

E„(K,J)  -  Ei,(K)  +  B„J(J  +  1) 

where  J  2  K  &  0  and  J  takes  values  |K|  ,  1K|  -»•  1,  |K|  +  I 
is  a  rotational  constant  and  Ep(K)  is  the  lowest  value  fo 
"band"  of  energies  identifiea  by  other  quantum  number 
selection  rules  for  electromagnetic  transitions  require 
where  M  is  the  multipolarity  of  the  transition. 


|e  collective  rotation  of  the 
resulting  system  of  energy 

(5) 

....  In  this  expression  B„ 
r  any  level  in  the  resulting 
n.  In  such  systems  the 
both  |AJ1  5  M  and  lAK]  <  M, 


_  In  most  cases  of  interest,  the  isomeric  state  has 
value  of  K  differs  considerably  from  those  of  lower 
otherwise,  be  radiatively  connected.  As  a  consequence. 


such  as  shown  in  Fig.  1  must  span  substantial  changes  in 
have  been  expected  to  have  large,  and  hence  unlikely 
expectations  were  that  partial  widths  would  decrease 
needed  for  the  transfer  increased. 


180't, 


From  this  perspective  the  candidate  Isomer, 
unattractive  as  it  had  the  largest  change  of  angular 
ground  state,  Bh.  However,  because  it  was  the  only  isii 


SPIE  Vol 


large  lifetime  because  its 
levels  to  which  it  would, 
l^andwidth  funneling  processes 
AK  and  component  transitions 
multipolarities.  Initial 
further  as  the  values  of  AK 


a®  was  the  most  initially 
Imomentum  between  isomer  and 
mer  for  which  a  macroscopic 


1551  Ultrashort-Wavelength  Lasers  (1991 )  /  171 


-  \- 


•ample  was  readily  available,  w*Ta"  became  the  first  Isomeric  material  to  be 
optically  pumped  to  a  fluorescent  level.  ^ 

Table  II 

Recently  measured  values  of  Integrated  cross  section  for  the  reaction 

**®Ta*<y,y* )**®Ta.  The  gateway  excitation  energies,  E,  for  these"*  levels  are  given  at 
the  centers  of  the  ranges  of  energies  that  could  be  resolved  experimentally. 


Energy  •  gT 

(MeV)  (10-2*  cm2  keV) 


2.8  ±  0.1  ■  12000  ±  2000 

3.6  ±  0.1  35000  ±  5000 

■nils  particular  Isomer,  J®0Ta"  carries  a  dual  distinction.  It  is  the  rarest 
stable  Isotope  occurring  in  nature  and  It  Is  the  only  naturally  occurring  Isomer, 
The  actual  ground  state  of  jg  1+  with  a  half-life,  of  8.1  hours  while  the 

tantalum  nucleus  of  mass  180  occurring  with  0.012%  natural  abundance  Is  the  9~ 
isomer,  iB0xa“.  It  has  an  adopted  excitation  energy  of  75.3  keV  and  half-life  In 
— excess  of  1.2  X  10**  years. 2*  -  — —  -  - 

In  an  experiment  conducted  in  1987  we  exposed  1,2  mg  of  iBOya"  to  the 
hremsstrahlung  from  the  6  MeV  linac  and  obtained  a  large  fluorescence  yield. 29  This 
was  the  first  time  a  (7i7')  reaction  had  been  excited  from  an  Isomeric  target  and  was 
the  first  evidence  of  tht  existence  of  giant  pumping  resonances.  Simply  the 
observation  of  fluorescence  from  a  milligram  sized  target  proved  that  an  unexpected 
reaction  channel  had  opened.'  Usually  grams  of  material  are  required  in  this  type  of 
experiment.  Analyses29.3o  ^he  data  Indicated  that  the  partial  width  for  the  dumping 
of  *B9Ta*  was  around  0 , 5  eV , 

To  determine  the  transition  energy,  E,  from  the  iBOygn  isomer  to  the  gateway 
level,  a  series  of  Irradiations  was  made  at  the  S-DALINAC  facility  using  fourteen 
different  end  points  in  the  range  from  2.0  to  6.0  MeV.**  The  existence  of  an 
activation  edge  was  clearly  seen -even  in  the  raw  data**  shown  in  Fig.  3.  The  fitting 
of  such  data  to  the  expression  of  Eq.  (3a)  by  adjusting  trial  values  of  (oF)^,  enabled 
us  to  determine  the  Integrated  cross  sections  for  the  dumping  of  iBoygiB  *  isomeric 
populations  into  freely  radiating  states ,  Reported  values**  are  summarized  in  Table 


The  integrated  cross  sections  In  Table  II  are  enormous  values  exceeding 
anything  previously  reported  for  Interband  transfer  through  a  bandwidth  funnel  by  two 
orders  of  magnitude.  In  fact  they  are  10,000  times  larger  than  the  values  usually 
measured  for  nuclei.  With  this  result  the  restrictive  guidelines  customarily  applied 
to  optical  pumping  of  nuclei  are  proven  to  be  nearly  10®  times  too  pessimistic. 


Iftiile  the  width  of  the  transfer  process  is  difficult  to  Interpret  In  a  single 
particle  model,  a  puzzle  of  comparable  complexity  is  found  In  the  efficiency  with 
which  AK  is  transferred.  It  Is  an  interesting  speculation  that  at  certain  energies 
of  excitation  collective  oscillations  of  the  core  nucleons  could  break  some  of  the 
awmsetries  upon  which  rest  the  identifications  of  the  pure  single  particle  states. 
If  single  particle  states  of  differing  K  were  mixed  in  this  way,  the  possibility  for 
transferring  larger  amounts  of  AK  with  greater  partial  widths,  might  be  enhanced. 
Some  support  for  such  a  speculation  was  found  in  the  unexpected  enhancements  measured 
very  recently  for  the  deexcitation  of  the  ***Hf”  isomer.**  There  also  the  decay  of  the 
found  to  occur  primarily  by  transition  through  an  intermediate  state  lying 
at  2685  keV  in  which  K-mixlng  occurred  so  that  AK  -  14  was  lost  between  Isomer  and 
™*«f52'“***  state  band.  This  is  remarkably  close  to  the  energy  of  the  K-mixlne  level 
**  for  *B0Ta  shown  in  Table  II.  The  similarity  of  results  for  nuclei 

with  stich  dissimilar  single  particle  structures  does  seem  to  support  the  identifica- 
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tlon  of  this  K'lnixlnK  process  w^h  some  type  of  core  property  varying  only  slowly 
among  neighboring  nuclei. 


Eq  -  4.00  MeV 


Hf  K 


^HfK^ 


Eg  -  3.50  MeV 

Eq  -  3.00  MeV 
Eq  -  2.88  MeV 


50  60  70 

Energy  (keV) 


. ENDPOINT  ENERGY.  [MeV] 


Figure  3:  Spectra  of  fluorescent  pho-  Figure  4;  Activation  edge  for  the  exci- 

tons  from  '•°Ta  decay  after  Irradiation  tatlon  of  i^9Hf“  through  a  giant  pumping 

with  bremsstrahlung  having  the  end  resonance  In  comparison  to  the  excita- 

polnts  shown.  The  counting  rate  from  tlon  of  the  calibration  nuclide  ®^Sr"  and 

— an -unexposed  sample  has  been  sub-  the  fit  of  the  calibration  data  to  lit- 

tracted  and  the  curves  have  been  off-  eraturc  values  of  Integrated  cross  sec- 

set  vertically  for  clarity.  The  total  tlons.  Data  plot  activation  per  unit 

fluorescence  signal  Is  given  by  the  dose  of  irradiation  In  contrast  to  actl- 

shaded  area.  vatlon  per  unit  photon  flux  as  described 

in  Eq.  (3a). 

A  survey  of  19  Isotopes®®  conducted  with  the  four  U.S.  accelerators  over  a 
fairly  coarse  mesh  of  bremsstrahlung  endpoints,  confirmed  the  existence  of  giant 
resonances  for  breaking  K  in  the  region  of  masses  near  180.  Activation  edges  such  os 
shown  in  Fig.  4  continued  to  support  the  identifications  of  Integrated  cross  sections 
for  pumping  and  dumping  of  Isomers  that  were  of  the  order  of  10,000  times  greater 
than  usual  values.  A  study  with  the  higher  resolution  of  the  S-DALINAC®*  showed  the 
giant  pumping  resonances  reappeared  at  lower  masses  near  120. 

Whatever  the  mechanisms,  the  experimental  fact  remains  that  Interband  transfer 
processes  connecting  to  Isomeric  levels  can  be  pumped  through  enormous  partial  widths 
reaching  0.5  eV,  even  when  the  transfer  of  angular  momentum  must  be  as  great  as  AK  - 
8,  or  even  AK  -  14.  It  seems  this  is  the  nuclear  analog  of  the  giant  resonance  fo’’ 
pumping  ruby  at  the  atomic  level.  Elucidation  of  the  process,  together  with 
identification  of  the  gateways,  has  been  propelled  into  a  place  of  future  importance. 


The  1990  model  of  a  gamma- ray  laser  is  not  fundamentally  different  from  the 
nuclear  analog  of  the  ruby  laser  described®  in  1982.  Envisioned  as  a  thin  film  of 
diluent  doped  with  isomeric  nuclei  and  pumped  with  a  flash  of  x-rays  in  a  slab 
geometry,  the  question  of  feasibility  still  rests  on  the  degree  to  which  the 
properties  of  some  real  nuclide  approach  those  of  the  ideal  being  modeled.  What  has 
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ehangad  Is  Chst  the  discovery  of  giant  pumping  resonances  enables  some  of  the 
original  constraints  to  be  relaxed.  The  result  Is  that  the  feasibility  of  a 

f  anna-ray  laser  Is  orders-of-nagnltude  more  probable  than  originally  estimated  In 
982,  Because  of  this  substantial  Improvement,  It  Is  useful  to  recompute  the  model 
in  terns  of  the  new  data  obtained  In  the  past  decade. 

Since  the  better  candidate  Isomers  f o  ,•  a  gamma-ray  laser  have  never  been 
fabricated  In  macroscopic  amounts,  the  precise  Identity  of  the  best  nuclide  to  model 
is  not  known.  Moreover,  since  feasibility  is  such  a  complex  function  of  the  nuclear 
parameters,  the  assumptions  Introduced  Into  any  model  will  critically  affect  tlje 

estimates  of  feasibility  In  strongly  nonlinear  ways.  For  the  computation  reported 
hfre  the  following  parameters  were  assumed. 

1)  The  pump  band  J  in  Fig.  1  Is  one  of  the  newly  discovered  giant  pumping 
resonances  with  a  partial  width  of  b^b^F  -  1  eV, 

2)  ^e  pump  transition  is  centered  on  an  energy  Ej  -  30  keV. 

3)  The  Initial  state  is  assumed  to  be  isomeric  with  an  excitation  energy  so  ■ 
high  that  2)  is  possible. 

_ 4)  The  output  transition  Is  around  100  keV. 

5)  The  nuclei  are  diluted  in  a  thin  film  of  diamond  or  Be. 

6)  The  Borrmann  effect  contributes  a  factor  of  10  to  the  enhancement  of  the 

ratio  of  cross  sections  for  resonant  to  nonresonant  transitions. 

The  most  sensitive  assumptions  are  those  about  the  width  and  activation  energy 
of  the  giant  pumping  resonance,  statements  2)  and  3).  The  range  of  excitation 
energies  over  which  isomers  can  be  found  is  very  large.  We  have  already  shown  that 
isomers  can  be  dumped  into  the  freely  radiating  system,  even  through  4K  -  8  or  4K  - 
14,  so  the  only  doubt  here  Is  a  statistical  one;  whether  qr  not  a  giant  pump 
resonance  can  be  found  within  30  keV  of  an  Isomer. 

Followlm;  our  development*  of  1982,  under  small  signal  conditions  the  midrange 
requirement  of  10~*  is  obtained  for  the  pumped  fraction, 

N, 

--  10-*  .  (6) 

This  sets  the  pump  Intensity  needed  for  threshold,  and  with  It  ,the  amount  of  waste 
beat  to  dissipate. 

The  essential  concept  In  the  management  of  the  thermal  economy  Is  that  the  mean 
free  path  <MFP)  for  a  photon  resonant  with  the  nuclear  transition  Is  much  shorter 
than  the  HFP  for  nonresonant,  photoelectric  absorption  to  produce  heat.  Also,  the 
MFP  for  a  photoelectron  produced  In  the  nonresonant  channel  Is  greater  in  the  diluent 
than  the  HfF  for  the  photons  pumping  the  nuclear  resonance .  Tnls  means  that  a  thin 
film  of  diamond  can  be  doped  to  use  most  of  the  incident  photons  in  the  bandwidth  of 
the  giant  pumping  resonance  while  the  majority  of  the  nonresonant  photons  will  pass 
through  the  film  into  the  substrate  which  can  be  cooled  by  ablation  or  cryogenics. 
Moreover,  primary  photoelectrons  produced  by  the  small  fraction  of  nonresonant  events 
in  the  film  can  escape  before  their  energy  is  degraded  to  heat. 

The  quantitative  expression  of  this  strategy  is  obtained  by  substituting  Eq. 
(3a)  into  Eq.  (4)  and  assuming  a  single  giant  resonance  dominates  so  that  the  sum  is 
unnecessary.  Solving  for  -  #qF(E,,Eo),  and  using  the  previous  assumption  that  each 
piaap  photon  carries  JO  keV  gives  the  spectral  fluence,  Fj-Ejdj  at  threshold, 

Fj  a  177  mJ  cm"*  eV*  .  .  (7) 
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For  the  likely  cases  of  rare  earth  or  platlnlde  elements  the  30  keV  pump  energy 
lies  below  the  K*edge  and  about  15  keV  above  the  L*edge.  As  a  result,  the  primary 
photoelectrons  resulting  from  the  nonresonant  absorption  in  the  active  medium  should 
have  energies  of  the  order  of  15  keV  and  ranges  of  6.0  and  3.0  fim  in  Be  and  C, 
respectively.”  Thus,  only  about  10%  and  20%  of  the  primaries,  respectively,  should 
be  stopped  in  a  0.67  ^m  thick  host  films  of  Be  or  diamond,  the'-thickness  correspond¬ 
ing  to  the  HFP  for  resonant  absorption  at  a  concentration  of  10%.  Then  the  fractions 
of  the  energy  from  the  incident  pump  degraded  into  heat  in  the  laser  film  because  of 
nonresonant  absorption  become 

f  (Be)  -  4.8  X  10-*  ,  ,  (8a) 
f  (C)  -  2.4  X  10-*  .  (8b) 

Considering  that  edge  filters  or  ablation  layers  could  reduce  the  bandwidth  of 
the  pump  radiation  to  3  keV,  before  reaching  the  doped  layer  of  active  medium,  the 
incident  fluence  lying  outside  the  bandwidth  for  resonant  absorption  would  be  3000 
times  greater  than  the  value  of  Eq.  (7).  However,  only  the  fractions  of  Eqs.  (8a) 
and  (8b)  are  capable  of  being  degraded  into  heat  in  the  sensitive  layer.  The 
resulting  energy  balance  can  be  summarized  at  threshold  by  the  first  two  lines  of 
Table  III. 

Dividing  those  fluences  by  the  0.67  ftm  thickness  gives  the  energy  loading  of 
the  laser  film  shown  in  Table  III.  These  values  are  quite  significantly  below  the 
levels  of  heating  required  to  degrade  the  recoil  free  fractions  in  the  case  of  the 
diamond  lattice.  Baldwin  has  summarized^  the  involved  dependence  of  the  recoil  free 
fraction  of  gamma  transitions  upon  recoil  energy,,  lattice  parameters,  and  tempera¬ 
ture.  He  shows  that  even  at  a  temperature.  T  equal  to  the  Debye  temperature,  6^  the 
recoil  free  fraction  is  not  significantly  degraded  (by  more  than  a  factor  of  2)  tor  a 
transition  even  as  energetic  as  to  give  a  classical  recoil  energy  of  0.14  Op.  In 
diamond  with  Op  -  2230*  K  this  means  a  transition  of  100  keV  is  little  affected  by  a 
temperature  increase  up  to  T  -  6p. 

It  is  a  textbook  computation*®  to  estimate  that  the  energy  content  ot  the 
phonons  of  a  material  with  Op  -  2230*  K  at  a  temperature  of  T  -  ©p  is  about  11  kJ 
cm**.  Comparing  this  with  the  estimated  loading  of  3.8  kJ  cm**  gives  a  "safety 
factor"  of  almost  three.  A  comparable  margin  is  obtained  for  the  Be. 

To  summarize,  it  is  convenient  to  recast  the  threshold  fluence  of  Eq.  (7)  into 
mute  tangible  terms.  The  spectral  fluence  of  177  mJ  cm**  eV*  corresponds  to  530  J 
cm**  if  the  bandwidth  of  the  pump  x-rays  is  arranged  to  be  3  keV,  a  practical 
separation  which  might  be  filtered  between  K-edges.  Even  if  pumped  instantaneously, 
so  that  no  waste  heat  were  transported  away,  the  thermal  loa Ung  would  reach  only  1/3 
of  the  limit  for  retaining  the  Mdssbauer  effect.  If  derived  from  an  x-ray  line  of  30 
aV  width,  the  threshold  fluence  would  be  only  5.3  J  cm**.  In  that  case  the  thermal 
loading  would  reach  only  1/300  of  the  critical  limit  for  a  diamond  lattice. 

Even  beyond  this  point  much  can  be  done  to  reduce  heating  further.  All 
calculations  so  far  were  done  for  the  instantaneous  generation  cf  the  waste  heat. 
The  time  for  the  transport  of  a  phonon  across  the  0.6/  pm  thicknesr.  of  the  working 
layer  is  of  the  order  of  only  10(5  psec  so  that  the'  transport  of  significant  amounts 
of  heat  from  that  layer  into  a  ciamond  heat  sink  is  possible  on  a  nanosecond  time 
scale.  Yet  most  of  the  fluorescent  levels'  of  interest  for  inversion*  have  lifetimes 
of  tens  of  nanoseconds  to  tens  of  microseconds.  This  is  many  times  the  period  for 
the  transport  of  phonons  out  of  the  inverting  layer  so  that  more  orders  of  magnitude 
can  be  realized  in  reducing  the  thermal  loading  further  below  the  limits  specified  so 
far.  However,  all  these  techniques  require  precise  knowledge  about  the  energy  levels 
and  absorption  edges  of  the  materials  involved.  Until  the  identity  of  the  best 
candidate  for  a  gamma-ray  laser  is  known,  the  exact  specifications  of  the  solution  to 
the  disposal  ot  the  waste  heat  cannot  be  generally  articulated.  The  examples 
considered  here  show  that  there  are  many  orders  of  magnitude  in  the  safety  margin 
between  likely  amounts  of  heating  and  the  much  larger  amounts  which  can  be  tolerated 
in  stiff  lattices  such  as  Be  and  diamond. 
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Tabu  III 


Summary  ef  tha  tharnal  aconomy  at  thrashold  for  a  laaar  nucllda  dopad  into  a  film  of 
0.67  |im  thleknass  of  tha  natariala  shovm. 


Lattlca 


Bo 


C(dianond) 


Maonant  input  fluanca 
Fluanea  dagradad  to  haat 
Rasonant  anargy  density 
Tharnal  loading 


177  aJ  cn-» 
127  nJ  cn“* 
2.6  kJ  cn-» 
1.9  kJ  cn"* 


177  nJ  cm-* 
255  ffiJ  cm"* 
2.6  kJ  cn-» 
3.8  kJ  cn-» 


The  greatest  significance  is  that  the  persistent  tenants  of  theor^stlcal  dogma 
Inhibiting  the  development  of  a  gamma-ray  laser  are  eliminated  by  studies  of  the  past 
decade.  Thera  is  no  need  to  melt  the  host  lattice  in  order  to  pump  a  nuclear  system 
to  the  laser  threshold.  There  are  no  a  priori  obstacles  to  the  realiratlon  of  a 

fanwa-ray  laser,  ■  A  gamma-ray  laser  Is  feasible  if  the  right  combination  of  energy 
evels  occurs  in  some  real  material.  The  overriding  question  to  resolve  is  whether 
or  not  one  of  the  better  of  the  candidate  nuclides  has  its  isomeric  level  within  a 
few  tens  or  even  hundreds  of  keV  of  one  of  the  giant  resonances  for  dumping  angular 
momenta.  , 

This  work  was  supported  by  SDI0/iST.^under  direction  of  KRL. 
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Abstract 

A  gamma-ray  laser  would  provide  the  stimulated  emission  of  radiation  at  wavelengths  shorter  than  1  A  from  excited  states 
of  nuclei.  Unique  advantages  provided  by  nuclear  transitions  would  also  enable  the  integration  of  pump  energy  over  longer  times 
and  fhus  to  larger  values  than  are  potBible  with  x-ray  lasers.  However,  in  the  first  cycle  of  study  ending  in  1981  it  was  concluded 
that  the  difficulties  were  insurmountable  for  achieving  a  gamma-ray  laser  using  traditional  approaches  of  pumping  with  particle 
fluxes.  Sin«  then  research  has  lake  an  entirely  new  character  with  the  introduction  of  the  concept  of  "t^tical  “  pumping  of  a 
gamma-ray  laser  as  a  nuclear  analog  to  the  ruby  laser.  In  the  past  six  years  the  components  of  this ‘concept  have  been 
demonstrated  experimwitally  by  the  main  line  project  at  the  Center  for  Quantum  Electronics  and  three  major  breakthroughs  have 
betti  realized.  Computations  based  upon  this  new  data  show  that  a  gamma-ray  laser  is  feasible  if  some  isotope  has  its  pro()crties 
aifficienlly  clwe  to  the  ideals  modeled 

Introduction 


Studies  of  the  feasibility  of  a  gamma-ray  laser  have  been  motivated  by  the  unique  advantages  presented  in  nuclear  systems. 
Many  nuclei  posses  particularly  long-lived  excited  stales  called  isomers  with  energies  of  keV  to  MeV.  Populations  of  these 
melaslable  states  can  store  lera-Joules  per  liter  at  solid  densities  for  up  to  thousands  of  years  so  it  would  not  be  necessary  lb 
provide  all  Ihg  pump  energy  for  a  gamma-ray  laser  in  situ.  Electromagnetic  transitions  in  nuclei  provide  a  variety  of  transition 
moments  for  which  the  constant  linking  spontaneous  lifetime  with  the  v^  factor  is  orders-of-magni!ude  more  favorable  than  might 
t^herwise  be  expected  for  such  short  wavelengths.  TTius  lasing  levels  in  nuclei  can  have  lifetimes  as  long  as  (is  and  pump  pulses 
can  be  integrated  for  longer  times  than  for  x-ray  lasers.  Also,  gamma-ray  transitions  routinely  haVe  natural  linewidths.  as  in  the 
M&dtauer  effect,  which  would  insure  large  cross  sections  for  stimulated  emission.  Wiihout  broadening,  values  for  1  A  nuclear 
transitions  t^ically  exceed  the  cross  section  for  the  stimulation  of  Nd  in  YAG. 


Despite  this  impetus,  there  was  little  real  progress  towards  a  gamma-ray  laser  prior  to  1982.  This  was  a  result  of  the 
concoitration  on  the  traditional  approach  of  pumping  nuclei  with  intense  particle  fluxes  and  then  suddenly  assembling  a  critical 
density  to  reach  the  threshold  for  stimulated  emission.  The  general  impossibility  of  those  brute  force,  single  (output)  photon 
schemes  was  concluded  due  to  the  unmanageable  amounts  of  heat  expected  to  be  deposited  in  the  host  matrix  as  discussed  in  the 
encyclopedic  review  of  Baldwin,  el  el.*  This  effectively  served  to  define  the  termination  of  the  traditional  approaches  to  a 
gamma-ray  laser  and  demonstrated  that  the  critirsi  lest  for  any  new  approach  must  be  the  efficacy  of  pumping  to  release  the 
energy  stored  in  isomers. 


A  new  interdisciplin 
ttie  end  of  the  first  cycle 
processes.  Either  multipl|i 
nuclear  isomers  while  avi 
application,^  inct^rent 
vms  also  indicated  by  whii 


approach*  to  a  gamma-ray  laser  emerged  in  1982  following  precursive  work*'*  that  appeared  near 
research.  The  basic  plan***-*  •  called  for  the  ‘optical*  pumping  of  nuclei  using  coherent  or  incoherent 
oton  processes  or  multiple  electromagnetic  transitions  would  be  used  to  release  the  energy  stored  in 
'Riding  many  of  the  problems  encountered  by  the  traditional  approach.  In  the  most  straightforw-ard 
mping  simply  represents  a  nuclear  analog  to  the  ruby  laser,  in  which  ‘optical*  refers  to  x  rays  A  'vay 
to  manage  wasted  pump  energy  using  a  thin  film  of  low  Z  material  as  a  host  matrix. 
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IMven  by  this  btuepj 
project  at  the  Center  for 
have  been  demonstrated* 
inciAwent  pumping. 
breaklhioughs  in  the  pum 


Hnt  for  a  gamma-ray  laser  which  now  appears  in  Che  textbooks.'*  in  the  past  decade  the  main  line 
Puanlum  Electronics  has  been  rich  with  achievement.  The  fundaroentai  concepts  of  coherent  pumping 
'I*  but  not  surprisingly  the  greatest  rate  of  progress  has  been  realized  in  the  simpler  direction  of 
In  fact  the  feasibility  of  a  gamma-ray  laser  has  been  increased  orders-of-magnitude  by  rnajcM^ 
ing  of  nuclear  isomers  with  bremssfrahlung. 


At  die  present  the  mi 
suitable  materials, 
poorer.  «»«Ta  and  ‘«Tij 
diese  miclides**  **  «id  oti 
gamma-ray  laser  d^iends. 

b  the  alsence  of  beti 
aiay  te^h  the  stnicture 
result  to  the  examinatiod 
review  diese  developments 


pst  significant  impediment  to  study  of  the  feasibility  of  a  gamma-ray  laser  wontinues  to  be  the  lack  of 
Of  die  1886  distinguishable  isotopes.*^-*®  29  have  been  identified  as  first  class  candidates,  but  only  the  two 
were  available  in  sufficient  amounts  for  testing.  Still  the  discovery  of  giant  pumping  resonances  for 
ifiers**'*'*  greatly  strengthened  the  feasibility.  It  is  upon  such  pumping  processes  that  the  realization  of  a 
rather  than  on  refinements  like  superradianoe  which  may  simply  serve  to  reduce  thre^ld  requirements 


I 


candidates,  researdi  by  the  main  line  continues  to  focus  upon  the  pumping  of  simulation  isomers  that 
^stematics  tor  these  giant  resonances.  This  study  has  also  been  recently  extended  with  eneourzging 
of  the  pumping  of  laserlike  states  with  lifetimes  on  the  order  of  l«a  of  |m.  The  present  paper  will 
and  the  major  bcakthroughs  which  have  significantly  increased  the  feasibility  of  a  gam'ma-ray  laser. 
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Concfots 


The  critical  ke>’  to  the  development  of  the  ruby  laser  was  the  identification  and  exploitation  of  a  bandwidth  funnel  in  which  a 
broad  absorption  band  was  linked  through  efficient  cascading  to  a  narrow  laser  level.  This  an  es.sential  element  as  well  to  the 
blueprint  for  a  nuclear  analog  to  the  ruby  laser  and  is  depicted  by  the  schematic  diagram  of  Fig.  I.  \Miether  the  initial  state  Ix-ing 
pumped  IS  the  ground  state  or  an  isomer,  the  principal  figure  of  merit  is  the  integrated  cross  section.  nb^b^OQr/2.  for  populating 
the  upper  laser  level  through  tlie  absorption  state.  Only  one  such  state,  or  gateway,  is  shown  in  the  figure  but  there  could  Ixr  more. 
The  probabilities  that  tlie  gateway  will  decay  directly  back  to  the  initial  level  and  either  directly  or  by  cascade  to  tlie  laser  level  are 
b^  and  b^.  respectively.  These  quantities  together  with  the  natural  width  of  the  absorption  level.  F  give  the  useful,  partial  width 
describing  the  transfer  of  pofiulation.  b^b^F.  The  parameter  is  the  one  half  of  the  peak  value  of  the  Breit-Wigner  cross  section 
and  is  proportional  to  the  square  of  the  wavelength  of  the  pump  photon.  This  means  that  the  cross  section  for  useful  absorption  of 
pump  energy  will  be  much  larger  for  photoas  than  for  particles  of  the  same  energy.  This  is  another  crucial  element  to  the 
feasibility  of  a  gamma-ray  laser  as  discussed  in  detail  later. 

Optical  pumping  processes  like  that  depicted  in  Fig.  I  have  been  known  in  nuclear  physics  for  more  than  50  years’ '  and  are 
called  (y.y')  reactions  wFiere  t  and  i'  refer  to  the  incident  and  scattered  photons,  respectively.  Values  of  integrated  cross  section  for 
these  reactions  typically  range' *  > '■’*  from  Fs  to  lO's  in  the  usual  units  (uu.)  of  10'”  cm’  keV.  Flowever.  the  need  for  intense 
photon  sources  in  the  study  of  these  reactions  led  to  practical  difficulties  in  accurately  calibrating  tlie  incident  flux,  In  particular 
the  most  difficult  sources  of  x  rays  to  characterize  proved  to  be  radionuclides  for  which  all  intensity  away  from  the  sjieclral  lines 
resulted  from  environmentally  sensitive  Compton  scattering.  Thus  little  quantitative  agreement  could  be  found  in  the  literature 
between  values  of  integrated  cross  section  obtained  in  different  experiments.  Even  as  late  as  1987  there  were  serious 
contentions*’  over  the  mechanism  by  which  these  reactions  occurred  and  the  way  in  which  expected  fluorescence  yields  were 
calralsted.  Still  the  qualitative  analysis  of  (7.7')  experiments  clearly  showed  that  bandwidth  Tunneling  did  occur  in  nuclei. 

The  earliest  challenge  to  the  gamma-ray  laser  project  was  to  place  the  optical  pumping  of  nuclei  on  a  firm  quantitative  basis, 
beginning  with  a  model  for  the  reaction.  The  time-integrated  yield  of  final-state  nuclei.  N,  obtained  by  irradialing  a  population  of 
initial-state  nuclei.  N,  with  a  continuum  of  photons  extending  up  to  a  maximum  'endpoinl''  ertergy.  Eq  is  given  by 

Eo 

o(E)F(E.Eo)dE  .  (I) 

where  is  the  total  flux  of  incident  photons  integrated  over  the  lifetime  of  the  final  state.  F(E.Eg)  is  the  distribution  of  energies 
within  the  continuum  and  o(E)  is  the  energy-dependent  cross  section  for  the  reaction.  It  is  now  well  known  that  all  (7.7’)  reactions 
occurring  at  energies  below  the  threshold  for  photoneutron  production  resonantly  excite  discrete  states  like  that  shown  in  Fig.  I. 
Although  the  widths  of  these  gateways  may  be  large  on  the  nuclear  scale,  at  this  level  there  is  little  structure  to  most  incident 
photon  continue.  If  the  gateways  are  well-spaced  compared  to  their  widths  Eq.  I  becomes 

A,(Eo)  -  N,/(N,^,)  -  Z(on^F(E,.Eo)  .  (2) 

j  . 

where  (he  yield  has  been  expressed  as  the  fractional  activation  per  unit  photon  flux.  AjCE^)  and  (oF)^  -  (nb,b,OQF/2)^  is 'the  cross 
lection  for  population  of  the  final  state  through  the  gateway  integrated  over  a  Lorentzian  lineshape.  The  Breit-W’igner  formula 

gives 

X*  21/1  I 

Oo  - - • 

2*  21/1  a/1 

where  X  is  the  wavelength  of  the  pump  photon.  Ij  and  arc  the  angular  momenta  of  the  gateway  and  ground  states 
and  is  the  internal  conversion  coefficient  for  the  pump  transition. 

Model  Validation 

The  model  of  Eq.  2  was  validated  by  using  bremsstrahlung  from  five  different  accelerators  to  irradiate  targets  containing  the 
few  isomeric  nuclei  for  which  reliable  gateway  data  was  available  in  (he  literature.  These  devices  were  two  nuclear  simulators. 
DNA/PITHON  and  DNA/Aurora.  two  medical  linacs  and  one  .esearch  linac.  the  injector  to  the  superconducting  Darmstadt  linear 
accelerator  (S-DALINAC).  This  approach,  rather  than  that  of  using  radionuclides  as  x-ray  sources,  was  chosen  due  to  the  relative 
insensitivity  of  the  intense,  broad  continua  of  bremsstrahlung  to  Compton  scattering.  Also.  <kje  to  the  wide  use  of  electron 
accelerators  in  a  variety  of  fields  well-established  computer  codes  have  been  developed  for  the  accurate  calibration  of  their  photon 
output  from  measured  currents  and  target  geometries. 
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Gram  sized  samples  were  exposed  for  limes  ranging  from  seconds  lo  hours  for  llie  cw  machines  and  lo  single  flashes  from 
the  |mlsed-powr  devises.  The  yield  of  isomers  prodw^  by  each  irradiation  were  t^lained  by  detecting  fluorescent  photons 
einilled  after  transferring  the  samples  lo  a  quieter  «ivir«tmenl.  Standard  correctiwts  were  made  for  the  isotopic  alMindant. 
isomer  lifetime,  detection  and  emission  efficiencies,  and  transparency  of  the  samples  lo  the  fluoresc«ice.  Photon  spectra  were 
ealoilaled  with  the  EGS4  electron/pholon  transport  code**  adapted  for  each  experiment  lo  give  both  ♦j,  and  FCE.Eq).  In  some 
eases  was  verified  by  in-line  dosimetry. 

Hie  rasills  these  experiments' •  *•■**  were  in  excellent  agreement  with  the  predictions  of  Eq.  2  using  literature 
values**-*®  **  of  gateway  energies  and  integrated  cross  sections.  A  typical  example  is  given  in  Fig.  2  which  diows  a  composite 
ciKitation  function  obtained  for  the  calibralior  isomer  •’Sr"  using  the  above  mentioned  accelerators**  **  and  the  newly  installed 
Texas*X  research  linae  at  the  University  of  Texas  at  Dallas,  it  is  important  lo  note  that  the  yield  of  the  ^^Sr  isomer  was 
orders-of»magnilude  mhanced  by  nuclear  bandwidth  funneling  over  that  which  could  have  been  accwinted  for  by  direct  excitation 
the  melastable  level  from  the  ground  stale. 

An  Important  consequen«  of  the  confidence  level  established  by  these  experiments  was  the  develt^mml  of  a  iww  method’* 
for  selectively  sampling  the  «iergy  distribution  of  intense  photon  fluxes  and  providing  absolute  measurements  using  isomeric 
^(Moexcitation  reactions.  Even  more  important  for  the  present  work,  fhert  could  no  longer  be  any  reasonaUe  doubt  of  the  model 
or  procures  /or  quarditativdy  measuring  fiu'jrescence  effidendes  using  bremsstrahlung.  This  methodology  was  then  applied 
to  the  examination  of  candidate  nuclei  for  a  gamma-ray  laser. 


Many  of  tfte  candidate  isotopes  for  a  gamma-ray  laser  are  deformed  nuclei  whose  energy  levels  are  built  upon  rotational 
lands  like  th<»e  of  diatomic  molecules.  For  a  spheroidal  nucleus  an  additional  quantum  must  be  conserved  In  reacticms,  K  which 
tt  rtie  iM-ojection  of  the  total  angular  momentum.  J  on  the  major  axis  of  symmetry.  The  selection  rules  for  electromagnetic 
transitions  are  therefore  ItUl  <  M  and  |AK|  <  M  where  M  is  lli«  multipolarity  of  the  transition.  In  general,  isomeric  levels  of 
tftese  deformed  nuclei  have  quite  long  lifetimes  since  they  lie  in  bands  whose  values  of  K  differ  greatly  from  those  of  bands 
containing  lowerlying  states  to  which  they  would  otherwise  be  radiatively  connected.  Such  isomers  would  be  ideal  as  an  initial 
Male  in  the  pumping  of  a  gamma-ray  laser  since  much  energy  is  already  stored  in  the  nucleus.  However,  this  same  properly  means 
ttat  a  bandwidth  funnel  like  that  of  Fig.  I  would  have  to  span  substantial  AK  and  the  integrated  cross  section  for  such  a  transfer 
of  population  could  have  been  expected  lo  be  very  small. 
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Figime  I:  Sdiemalk  r^resentalion  of  the  bandwidth  funnel¬ 
ing  M  population  to  a  lasm-  level  through  a  gateway  stale 
wilb  natural  width  F.  The  incidsit  photon  j  is  absorbed 
wiA  a  cress  section  Og  by  the  initial  level  which  may  be 
either  a  pound  state  «■  an  isom«-,  Tlte  cascade  from  gate¬ 
way  lo  laser  level  is  shown  by  the  dolled  line  with  promptly 
emitM  frfioions  being  the  f. 


Figure  2:  Fractional  aeltvalidns.  Af  for  the  reaction 
•*Sr(7.7’)**Sr"  as  a  function  of  bremsstrahlung  endpoint. 
Eg  obtained  with  5  different  areeleralors.  The  solid  oirve 
plots  values  computed  from  2  ising  gateway  parameters 
found  in  the  literature  and  calculated  photon  qtectra.  The 
agreement  of  these  values  with  the  measirements  is  excellent, 
validating  the  procedures. 


From  this  perspective  the  nuclide  '  •°Ta  was  considered  to  be  among  the  poorest  candidates  since  its  isomer  stores  only 
7S  keV  and  requires  the  largest  change  in  angular  momentum.  8ft  for  transitions  to  the  ground  state.*’-^®  However,  this  isotope 
carries  the  distinction  of  being  the  only  naturally  occurring  isomer  in  nature,  having  a  lifetime  in  excess  of  10'  *  years  while  its 
ground  stale  has  a  halflife  of  only  8.1  hours.  Since  a  macroscopic  sample  was  readily  available.  '•“Ta"  became  the  first 
candidate  tested. 

An  experiment  was  conducted**  in  1987  in  which  1.2  mg  of  '‘“Ta"  was  irradiated  with  bremssirahlung  from  a  6  MeV 
medical  linac  and  a  large  fluorescence  yield  was  observed.  This  was  the  first  demonstration  that  the  energy  stored  in  a  nuclear 
isomer  could  be  dumped  to  freely-radiating  states  by  a  (t-T')  reaction  as  needed  for  a  gamma-ray  laser.  Simply  the  observation  of 
any  fluorescence  from  a  mg  sized  target  when  grams  of  material  were  needed  for  the  calibration  isotopes  was  evidence  of  pumping 
of  unexpected  magnitude  and  analysis**  of  the  data  indicated  that  the  partial  width  for  the  dumping  of  '•°Ta“  was  about  0.5  eV. 

The  gateway  excitation  energy  for  this  isomer  was  determined  by  a  series  of  irradiations**  made  with  the  variable  energy 
S-DALINAC.  Fourteen  different  endpoints  in  the  range  from  2.0  to  S.5  MeV  were  used  to  obtain  the  excitation  function  shown  in 
Fig.  3.  As  in  the  case  of  the  calibration  isomer.  ‘^Sr".  sharp  increases  in  the  yield  as  a  function  of  endpoint,  called  activation 
edges,  were  observed  indicating  the  location  of  the  gateways.  Using  these  locations  and  incident  photon  spectra  computed  with 
EGS4,  Eq.  2  was  used  to  iteratively  fit  the  excitation  by  using  trial  values  for  the  (oD^.  The  lowest-lying  gateway  identified*’ 
for  the  dumping  of  the  '•®Ta  isomer  was  at  2.8  MeV  with  an  integrated  cross  section  of  12000  uu.  The  demonstration  that 
populations  of  nuclear  isomers  can  be  dumped  with  bremsstrahlung.  and  with  integrated  cross  sections  10^  times  larger  than  could 
have  '>een  expected  stands  as  the  first  major  breakthrough  towards  a  gamma-ray  laser  and  has  enhanced  its  feasibility  by  four 
orders-of-magnitude. 

These  'giant  pumping  resonances’  were  also  observed*'*  for  the'second  poorest  candidate.  '*’Te.  However,  no  other 
candidates  were  available  in  sufficient  amounts  for  testing  so  research  focused  on  the  pumping  of  simulation  isomers  <n  order  to 
learn  more  about  the  systematics  and  structure  of  these  gateways.  A  preliminary  survey**  of  the  pumping  of  19  iro:  eric  nuclei 
was  conducted  over  a  fairly  coarse  mesh  of  bremsstrahlung  endpoints  using  the  nuclear  simulators  and  the  medical  I  ':s.  Again, 
giant  pumpihg^.resonances  for  transferring  large  AK  were  observed  for  nuclei  in  a  region  of  masses  near  A  -  18(  A  refined 
survey**  was  obtained  using  the  S-DALINAC  and  served  to  locate  the  gateways  and  measure  integrated  cross  secliv  ■  for  four 
isotopes  neighboring  ““Ta.  The  results  of  these  studies  are  shown  in  Fig.  4  which  indicates  that  both  the  excitation  ei  gies  and 
integrated  cross  sections  for  pumping  isomers  vary  slowly  between  neightx>ring  masses.  The  integrated  cross  sections  were  also 
correlated**  with  the  ground  state  deformation,  a  property  of  the  nuclear  core. 


Figure  3:  Fractional  activations.  A,  for  the  reaction 
‘*®Ta"(7.7')‘**’Ta  as  a  function  of  bremsstrahlung  end¬ 
point.  Eg  obtained  with  the  S-DALINAC.  Gateway  parame¬ 
ters  were  determined  by  fitting  the  me.isured  excitation 
function  using  Eq.  2  with  trial  values  for  the  (oDj  which 
were  found  to  be  10*  larger  than  those  usually  measured  for 
(7.7')  reactions.  These  data  demonstrate  the  dumping  of  an 
isomeric  population  with  x  rays. 
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Figure  4:  Systematics  for  integrated  cross  sections  and 
gateway  locations  for  pumping  nuclear  isomers  with  pho¬ 
tons.  The  groupings  correspond  to  mass  islands  between 
magic  numbers  for  neutrons  and  protons.  The  best  candi¬ 
dates  for  a  gamma-ray  laser  lie  in  the  mass-180  island. 
Within  each  island  the  integrated  cross  sections  and  excita¬ 
tion  energies,  indicated  by  the  X  symbols  plotted  by  the 
right-hand  ordinate,  vary  only  slowly  with  changing  mass 
number.  A. 


The  une*pected  magnitudes  measured  for  pumping  resonances  in  the  ma»  ISO  regiMi  have  been  difficult  to  interpret  in  the 
single^rlicle  model  and  the  apparent  ease  with  which  such  large  dK  Is  transferred  has  been  a  mystery.  However,  an 
understanding  of  the  basic  principle  has  taken  form  which  identifies  these  gateway  locatimis  with  energies  that  excite  collective 
oscillations  of  the  nuclear  core  for  which  there  would  be  no  fixed  shape  by  which  K  could  be  conserve!.  This  would  break  the 
■election  rule  for  K  through  strrmgadmixtures  of  single-particle  states,  it  is  interesting  to  speculate  that  these  giant  pumping 
lesMianees  may  parallel  the  appearance  of  dmible  minima  drown  to  occur  in  the  potential  energy  of  heavy  Imt  nonfissile  nuclei.^* 
These  minima  are  expected  to  lie  at  excitation  energies  of  a  few  MeV  while  the  gateways  idmtified  in  the  mass-180  regiwi  lie 
betwem  2.S  and  3  MeV.  • 

Support  for  this  idea  rames  not  only  from  the  systemali<;s  of  the  giant  resonaixes  for  pumping  isomers  but  abo  from 
experimental  results  which  demonstrated*’’  that  the  spontaneous. electromagnetic  decay  of  the  isomer  ’’^Hf"  proceeded  through  a 
kwl  at  2.6S  MeV  which  provided  an  even  larger  degree  of  K  transfer,  dK  -  14.  This  is  remarkably  clt»e  to  the  energy  of  tire 
K-mixing  gateway  .at  2.8  ♦  0, 1  MeV  found  for  *  •‘’Ta,  The  understanding  of  giant  pumping  resonance  as  coupling  to  core 
oscillations  means  that  the  behavior  of  candidate  isotopes  lying  near  those  nuclides,  tested  can  be  reasonably  be  interpolated  from 
the  ^lematics  data.  Thus  it  can  be  exp«ded  that  if  an  isomer  starts  with  enough  energy,  little  additional  pump  would  be  needed 
to  readi  a  giant  pumping  resonann  Miich  lay  2.S  -  3.0  MeV  above  the  ground  state,  but  perhaps  only  a  few  hundred  keV  above 
the  metastable  slate.  This  understanding  constitutes  a  second  breakthrough  towards  the  feasibility  of  a  gammatuy  laser. 

The  above  described  discoveries  have  significantly  improved  the  feasibility  of  a  gamma-ray  laser  lowering  pump 
requiremCTts  for  a  gamma-ray  laser,  primarily  because  of  the  large  sizes  of  the  integrated  cross  sections  measured.  However,  the 
resolution  of  those  experiments  only  permitted  the  gateways  to  be  tocate<|  to  within  +  0. 1  MeV.  The  possibility  was  therefore  left 
open  that  the  reaction  straiglh  might  not  be  coiKentrated  in  a  few  transitions  with  relatively  large  widths,  but  instead  might  be 
spread  ow  a  great  number  of  closely  spaced  leveb  with  considerably  reduced  widths.  This  was  of  particular  concern  for  the 
nuclei  favored  in  Fig.  4  which  have  large  excited  slate  densities,  and  even  more  so  for  '  ‘“Ta  which  is  a  rare  odd-odd  nucleus. 
Such  brtiavirM’  wrMild  serirnisly  degrade  the  ratio  of  useful  pump  energy  absorbed  resonantly  by  the  active  nuclei  to  the  errergy 
ateorbed  nonresooantly.  making  the  management  of  waste  heat  more  difficult.  A  series  of  experimenb  were  performed  to  exislore 
this  possibility. 

Isomeric  excitation  functions  reflect  only  one  specific  reaction  drannel  of  the  process  depicted  in  Fig.  I.  that  is  the  strong 
absorptirm  of  incident  photons  in  a  transition  from  the  ground  stale  to  the  gateway  followed  by  a  decay  cascade  leading  to  the 
metastable  level.  However,  another  important  channel  is  that  of  absorption  followed  by  a  direct  decay  of  the  gateway  back  to  the 
ground  state.  From  Fig.  I  it  can  be  seen  that  a  large  (oD  for  the  population  of  an  isomer  will  be  accompanied  by  elastic 
scattering  of  significant  numbers  of  photons  with  an  analogous  integrated  cross  section.  (oH,,  “  The  detection  of 

these  photons  in  real  lime  during  an  irradiation  permib  the  direct  measurement  of  excitation  anrt-gies  and  widths  for  nuclear 
transitions  and  forms  the  basis  for  nuclear  resonance  fluorescence  (NRF)  experimenb. 

An  experimental  arrangement  especially  designed  for  NRF  m-'asuremenb  was  used,  to  investigate*’-*  •  two  isomeric  nuclides. 
**Y  and  ***!n  which  were  chosen  for  their  large  natural  isotopic  abundances  and  the  degree  to  which  their  structure  could  be 
diaraclerized  within  the  unified  model.  Gram-sized  samples  were  sandwiched  between  aluminum  and  boron  calibration  targeb  and 
were  irradiated  with  well-collimated  bremsstrahlung.  Enc^int  energies  were  used  which  permitted  the  observation  of  photons 
seatbr<Rl  by  strong  transitions  with  excitation  energies  in  the  range  from  1. 5  to  4.S  MeV.  These  photons  were  measured  with 
carefully  shielded  detectors  placed  off-axis  and  app^red  in  pube-height  spectra  as  peaks  superimposed  on  a  large  Compton 
background,  bomeric  excitation  functions  were  abo  measured  for  these  bolopes. 

Detailed  spectra  are  available'  in  the  literature*’-*  •  but  the  relevant  poinb  are  illustrated  in  schematic  form  for  In 
Fig.  5.  The  esmitalion  fmictioo  data*’  of  Fig.  Sa  indicated  two  giant  pumpiitg  resonances  located  at  2.8  ±  O.I  MeV  and  at 
3.2 1. 0.1  MeV.  The  strikiiig  discovery  is  in  the  NRF  data  of  Fig.  Sb  which  only  exhibib  strong  transitions  with  energies  lying 
within  die  experimental  resolution  of  the  gateways.  Thus  these  few  leveb.  or  a  subset  thereof,  were  responsible  for  the  pr^ulalion 
(rf*  the  boma-.  Thb  conclusion  was  confirmed  by  unified-model  calculations  whidi  ^owed  that  the  absorption  strength  was 
MncentraM  bito  a  small  number  of  El  or  E2  transitions  with  excibtion  energies  near  those  measured.  Smilar  resulb**  were 
tMained  tw  **Y.  AlAough  a  one-to-one  correspondeiKe  was  beyond  the  limib  of  the  theoretical  approach,  the  correlation  between 
eakulations  and  cxpmraenb  clearly  showed  that  the  gateways  in  •^Y  and  *  **In  correspond  to  a  small  number  of  leveb  having 
relatiiwly  large  widths.  Ihb  b  the  third  major  breakthrough  in  the  feasibility  of  a  gamma-ray  laser. 

Recent  Develoomenb 

Hie  feasibility  of  a  gamma-ray  laser  has  been  greatly  enhaixed  by  the  discovery  of  giant  resonances  fw  die  pumping  and 
dumping  of  nuclear  isomers.  &ch  a  metastable  state  would  be  used  as  a  high-lying  storage  level  fivm  Miich  a  modest  pump 
would  prelate  a  lasing  kvel.  Thus  die  next  step  in  the  project  was  to  examine  the  pumping  of  more  laserlike  excited  nuclear 
stales  widi  lifetimes  on  die  order  of  lu.  a  task  which  required  new  research  toob  and  techniques. 


A  milestone  for  the  gamma-ray  laser  project  was  reached  in  1992  with  the  construction  of  an  underground  facility  dedicated 
to  the  pumping  of  nuclear  materials  and  the  installation  of  the  Texas-X  research  linear  accelerator  at  the  University  of  Texas  at 
Dallas.  This  4  MeV  linac  was  designed  to  produce  pulses  of  bremsstrahlung  of  2.78  tu  duration  with  a  repetition  rate  of  up  to 
360  Hz.  characteristics  which  were  ideal  for  the  study  of  the  pumping  of  states  with  lifetimes  greater  than  I  tis.  After  an  initial 
emplacement  and  testing  period,  the  output  spectrum  of  the  Texas-X  was  calibrated  absolutely  by  photoactivation  measurements.^' 
A  survey  of  previously  tested  isotopes  was  then  conducted  as  a  test  of  consistency.  The  agreement  with  earlier  measurements  was 
excellent  as  evidenced  in  the  data  for  the  calibration  isomer  '^Sr**  in  Fig.  2. 

To  investigate  the  pumping  of  laserlike  levels  a  new  technique  was  developed  which  allowed  a  NalCTI)  detector  to  obser%'e 
fluorescence  on  a  us  timescale  emitted  from  samples  irradiated  with  bremsstrahlung  from  the  Texas-X.  In  brief,  this  required 
rapid  and  stable  gating  of  the  photomultiplier  tube  to  avoid . 'blinding*  the  detector  during  each  exposure  pulse  and  the 
management  of  electromagnetic  noise  effects  in  the  associated  electronics.  Further  efforts  are  underway  to  refine  the  technology 
but  preliminary  results  were  quite  encouraging  as  shown  in  Fig.  6  for  the  61S  keV.  18  us  state  in  '"Ta.  The  detector  was  gated 
on  8  us  after  each  linac  pulse  and  a  time-to-amplitude  converter  (TAC)  was  used  to  obtain  a  decay  spectrum  for  the  level  which 
was  collected  for  a  total  of  7  x  10'  cycles.  The  agreement  between  the  measured  halflife  and  the , literature  value'*  was  excellent 
and  the  data  analysis  indicated  that  the  integrated  cross  section  for  pumping  was  comparable  to  those  for  the  population  of 
isomers.  Extensive  studies  of  this  type  are  now  in  progress. 

Another  development  was  the  implantation  by  a  locial  small  business  of  isotopically  pure  "Fe  nuclei  within  a  thin  diamond 
film  deposited  on  a  titanium  substrate.  The  sample  represented  a  realistic  simulation  of  a  host  material  capable  in  principle  of 
preserving  a  natural  width  for  the  stimulated-emission  cross  si.-tion.  a  necessary  condition  for  a  gamma-ray  laser.  In  fact 
Mossbauer  spectra  showed  this  to  be  the  case  and  the  quality  of  the  data  obtained  from  the  4.S  ug  of  "Fe  within  the  film  was  not 
significantly  degraded  from  that  obtained  from  a  milligram  enriched  "Fe  sample. 


Figure  S:  Schematic  representing  integrated  cross  sections 
for  a)  population  of  the  isomer  '"In"  obtained  from 
excitation  function  metmurements  and  for  b)  elastic  scatter¬ 
ing  by  absorption  transitions  obtained  from  NRF  measure* . 
ments.  Gateway  locations  of  a)  were  determined  only  within 
+  0.1  MeV  and  strongly  scattering  levels  were  only  observed 
within  these  bands.  Thus  a  subset  of  the  transitions  of  b)  are 
respc  2ible  for  the  population  of  the  isomer.  This  was 
confirmed  by  unified  model  calculations. 


Figure  6:  Fluorescence  detected  from  the  18  ps.  615  keV 
level  in  "'Ta  following  its  excitation  by  bremsstrahlung 
from  the  Texas-X  research  linac.  These  preliminary  data 
were  collected  for  nearly  10*  cycles  using  a  new  technique 
whidi  allowed  a  NaKTD  detector  to  be  gated  off  during 
pulses  of  X  rays  from  the  linar  and  then  turned  on  to  observe 
fluorescence  from  the  sample  between  pulses,  as  shown  in 
schematic  form.  The  integrated  cross  section  obtained  was 
comparable  to  that  for  pumping  nuclear  isomers  with  x  rays. 


A  leaser  Model 

The  1990*s  model  for  a  gamma-ray  laser  is  fundamentally  identical  to  the  nuclear  aha>og  of  the  ruby  laser  presented'  in 
1982.  Isomeric  nuclei  would  be  doped  into  a  thin.  low-Z  diluent  and  would  be  pumped  by  a  flash  of  x  rays.  However,  the 
discovery  of  giant  pumping  resonances  has  relaxed  some  oi  the  original  constraints,  improving  the  feasibility  of  a  gamma-ray 
laser  by  orders-of-magnitude  over  that  originally,  projected.  Thus  it  is  instructive  to  recompute  the  model  in  terms  of  this  new 
data.  Of  course  the  precise  identity  of  the  best  nuclide  to  model  is  unknown  so  it  is  necessary  to  begin  with  certain  assumptions: 
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Tliere  is  a  single  pump  transition  with  an  excitation  energy  of  “  30  keV, 

Tbe  Initial  ^ate  is  an  Isomer  with  a  aifficiently  energy  high  that  I)  is  pMsible. 

The  gateway  Is  a  giant  pumping  resonance  having  a  partial  width  of  ••  I  eV. 

The  output  transition  is  around  100  keV. 

The  aetiw  nuclei  are  implanted  in  a  thin  film  of  diamond. 

The  Borrmann  effect  enhan^  the  ratio  of  resonant  to  nonresonant  absorpticm  by  a  factor  of  10, 


The  nu»l  mtical  assumptions  are  those  of  I)  and  2).  tfowever,,  isomers  can  be  found  over  a  large  range  of  excitation  energies 
from  lO’s  of  keV  to  sevn-al  MeV  so  there  is  only  a  statistical  question  whether  a  giant  pumping  resonaiKe  can  be  found  within  30 
feeV  ^  m  IstHno*.  The  remaining  conditions  are  based  on  recent  discoveries,  the  present  state-oHhe-art  technology  for  producing 
Mn  diamond  films**  and  projections  fw  its  development  in  the  near  future. 


Foliovditg  die  develt^menl*  of  1982.  under  small  signal  conditions  the  threshold  for  amplification  in  a  single  pass  down  the 
faigdi  of  die  film  requires  die  fraction  of  active  nuclei  pumped  to  be  The  and  o,  are  the  cross  sections  fw 

■oniesonant  and  resonant  absorptiwi,  re^i^ively.  of  the  100  keV  output  photons.  It  can  be  shown'  ***  that  with  the  a^med 
Borrmann  enhuicement  a  midrange  value  for  this  fraction  is  10’*  although  even  more  favorable  values  are  pr^ible.  It  is  also 
oonerivable  that  refinemait  effects  like  superradiance  may  serve  to  reduce  the  threshold  requirement  further.  Using  the  requii^ 
pump  fraction  and  the  BreibWigner  cross  section  of  Eq.  3  for  a  30  keV  photon  with  •  1^  and  -  0.  &|.'2  gives  the  nested 
spectral  flux  of  ♦^FCEj.E^  »  S.9  x  I0'*‘cm‘*  eV.  or  a  spectral  fluence  of  177  liiJ  cm’*  eV"'.  If  edge  filters  or  ablation  layers 
are  used  ^or  to  tlw  doped  layo-  die  pump  bandwidth  could  be  limited  to  3  keV.  yielding  a  total  fluence  of  530  J  cm'*. 


The  essntial  concept  for  the  management  of  the  thermal  economy  of  a  gamma-ray  laser  is  that  the  mean  free  path  (MFP)  for 
useful,  resonant  abs^tion  of  the'  30  keV  pump  must  be  much  smaller  than  the  MFP  for  nonresonant,  photoelectric  absorption. 
Abo  die  MFP  for  resonant  absorption  must  be  smaller  than  the  MFP  for  any  primary  photoelectrons  produced  by  nonreswiant 
erento  in  the  film.  Primary  photoelectrons  are  the  dominant  source  of  heating  since  relatively  few  conversion  electrons  will  be 
^oAioed  by  «iergetic  gamma  transitions  in  the  pump  cascade.  These  conditions  can  be  met  by  doping  a  thin  diamond  film  with  a 
iO  %  rexieentralion  of  active  nuclei.  In  order  to  maximize  the  absorption  of  the  pump  in  this  example,  the  thickness  of  the  film  is 
diosai  to  equal  me  MFP  for  30  keV  photons,  that  is  0.67  pm. 

In  die  ease  of  isoto^  iMiidi  are  rare  earths  or  platinides.  the  30  keV  pump  would  lie  below  the  K  edge  and  about  IS  keV 
dioire  the  L  edge,  giving  primary  photoelectrons  with  energies  near  IS  keV.  In  diammd  the  range  of  these  electrons  would  be 
dxMt  3.0  pm  so  mly  20  %  of  the  primaries  would  be  stopped  in  the  host  film.***  The  fractim  of  the  incident  pump  fluence  which 
would  be  stopped  in  the  laser  medium  by  nmresonant  absorptim  is  2.4  x  10*  so  the  total  fractim  of  input  fluence  which  would  be 
emverted  to  heat  would  be  4.8  x  10*.  The  total  fluence  degraded  to  heat  would  then  he  2SS  mJ  cm'*  and  the  thermal  loading  of 
the  film  vrauld  be  3.8  KJ  cm'*.  For  comparism.  the  energy  density  due  to  useful,  resmanl  absorptim  would  be  2.6  KJ  cm'*. 


To  have  stimulated  emissim  the  host  lattice  must  preserve  the  natural  width  of  the  output  transitim  through  the  Mossbauer 
effect.  The  complex  dependence  of  the  recoiHrde-fractim  upm  materials  and  gamma  transitim  energies  was  discussed  in  Ref.  1 
and  it  was  shown  that  little  degradatim  of  this  factor  occurred  for  temperatures  even  as  high  as  the  Debye  temperature.  @p.  In 
dfamond  the  Debye  temperature  is  9,^  •>’  2230  K  and  the  energy  emtent  of  a  film  at  a  temperature  T  ■■  9,^  is  computed*'  to  be 
dxMt  11  KJ  cm'*.  Thus  the  estimatrxl  instantaneous  thermal  loading  of  3.8  KJ  cm-3  gives  a  ‘safety  factor*  of  iiearly  three  for 
preserving  the  stimulated  emissim  cross  sectim.  A  similar  calculatim  for  a  host  film  of  beryllium  gives  comparable  results.*^ 

Much  can  be  done  to  reduce  the  heating  further  since  phonons  can  be  transported  across  the  0.67  mm  film  in  about  100  ps 
Milk  lasing  fcveb  would  have  lifetimes  ranging  from  lO's  of  ns  to  lO's  of  ps.  Thus  over  the  duratim  of  the  pump  flash  the 
eoolmg  of  die  film  could  be  improved  significantly  over  that  of  the  example  above.  However,  the  techniques  available  depend 
qim  precise  faiowledge  of  the  actual  isotope  and  the  absorptim  edges  of  the  materials  used.  Still  the  model  demonstrates  that 
Acre  is  a  tar^e  saf^  margin  between  likely  amounts  of  thermal  loading  and  (he  amounts  which  can  be  tolerated  in  stiff  lattices 
like  (Uamoiid  m  bsyllium. 

Conclusions 

The  (fomvery  M  giant  resonances  for  pumping  and  dumping  populations  coupled  wiA  the  development  of  (he  ledinology  for 
pfoAieing  Aui  diamotKl  films  have  erdtanced  the  feasibility  of  a  gamma-ray  laser  by  orders-of-magnitude  over  that  projected  in 
Ae  UuQiruit  of  1982,  All  of  (he  component  concepts  have  now  been  demonstrated  experimentally  and  the  pmsistent  but  false 
knets  M  diemelfcal  dc^raa  whidi  have  hidorically  inhibited  the  development  of  a  gamma-ray  laser  have  been  diminaled.  h 
imrtkular  it  is  mit  neee^ry  to  ndt  die  host  lattice  m  order  to  optically  pump  a  nuclear  system  to  Arediold.  Then  sn  no  a 
Brtort  ofcsfodes  to  the  ndizOtion  of  a  gamnaray  loser.  A  gamtnarray  laser  is  feasible  i f  the  right  eonHne^ion  of  en^gy  levels 
ocan  in  some  red  mderid.  The  remaining  ipiestim  to  resolve  is  whether  or  not  one  of  the  better  candidates  has  its  isomeric  level 
located  sufficiently  close  to  a  glmt  resonance  for  dumping  angular  momenta. 

Thte  work  iras  supported  by  SDICVTM  under  the  direction  of  NRL 
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ABSTRACT 

Experiments  have  been  designed  to  populate  Mossbauer  levels  of  ^Fe  and  *'5Sn  by  cascade 
from  giant  resonances  pumped  by  bremsstrahlung  radiation  generated  by  the  UTD-LINAC,  the 
facility  for  which  is  currently  under  construction.  In  particular  we  have  employed  both  resonant 
mid  non-resonant  radiation  transfer  studies  to  aid  in  the  design,  construction,  and  characteriia- 
tion  of  a  detection  system  for  monitoring  the  signal  electrons  produced  by  the  decay  of  the 
short-lived  isomeric  targets  employed.  Measurements  utilizing  conversion  electron  Mossbauer 
sp«:troscopy  indcate  that  the  detection  system  developed,  convincingly  approaches  the  level  of 
performance  considered  mandatory  for  the  harsh  environment  anticipated  for  the  intended  nucto 
Aioi^csncs  experin^nts. 


INTRODUCTION 

Since  1986,  gamma*ray  laser  research  at  the  Center  for  Quantum  Electronics  has  focused 
upon  the  photoexcitation  of  nuclei  from  their  ground  states  to  relatively  long-lived  metastable 
states.  Current  efforts  have  concentrated  on  extending  the  scope  of  this  research  to  short-lived 
states.  In  particular,  current  experiments  have  been  designed  to  populate  the  Mossbauer  levels  of 
^Fe  and  I’^n  by  cascade  from  giant  resonances  pumped  by  bremsstrahlung  radiation  generated 
by  the  UTD-LINAC.  The  UTD-LINAC  facility  is  under  construction  and  should  be  on-line  in  the 
spring  of  1 992. 

In  past  experiments  involving  the  photoexcitation  of  long-lived  nuclear  isomers  pneumatic 
transfer  systems  were  used  to  move  the  irradiated  targets  from  the  pumping  environment  to  the 
detection  systems.  To  study  isomers  with  lifetimes  less  than  100  nsec,  however,  it  will  be 
necessary  to  develop  experimental  apparatus  that  allows  nondestructive,  in-situ  detection  of  the 
fluorescence  signal  or  some  other  emission  proportional  to  it.  The  approach  taken  here  to  verify 
and  measure  the  rate  of  population  of  the  isomeric  levels  of  the  sample  is  to  utilize  it  as  a 
source  of  recoiFfree  radiation  and  Doppler  modulate  the  energy  of  the  Mdssbauer  emissions  to 
pump  a  similar  sample  in  an  evacuated  detector  chamber.  The  second  sample  would  then  be 
monitored  via  conversion  electron  Mossbauer  spectroscopy  (CEMS)  [1-6]. 

Research  for  the  past  six  months  has  employed  both  resonant  and  non-resonant  radiation 
transfer  studies  to  aid  in  the  design,  construction,  and  characterization  of  the  detection  system 
needed  to  provide  the  capabilities  for  the  measurements  described  above.  Several  phases  of 
development  and  investigation  have  been  involved  in  bringing  the  detection  system  to  a  level  of 
maturity  that  closely  approaches  the  design  objectives.  These  goals  include  (1)  an  efficient 
transfer  of  resonance  radiation  from  the  external  target,  pumped  by  the  bremsstrahlung 
radiation,  to  the  sample,  (2)  an  optimized  collection/detector  system  for  the  signal  electrons 


emitted  from  tl%  surface  of  tlw  sample  and  <3)  a  minimum  of  ^ttering-inchued  background  noise 
from  the  vxmm  chamber  and  the  compoiKnts  of  the  detection  system  within  tt»  chamber. 

&ctaisive  efforts  were  pursi^d  to  develop  a  system  that  optimi:md  tte  transfer  of  tte 
resonant  radiation  from  the  external  target  to  the  s:*mple.  To  assure  passage  of  the  resonant  j 
nys  into  tte  target  chamber  a  thin  entrarii^  window  constructed  of  titanium  was  employed.  This 
window  had  the  added  benefit  of  filtering  many  of  the  lower  energy  x  rays  that  are  products  of 
the  de^xcitatipn  process. 

For  a  giv«i  solid  angle,  defined  by  the  geometry  of  the  external  source,  the  sample  and 
their  se{»ration,  tl«  mxt  most  significant  factor  affecting  the  efficiency  of  the  resonant  transfer 
process  was  tim  collimator.  The  collimator  design  that  yielded  the  best  performance  for  C^S 
consisted  of  a  trad  plate  having  a  circular  aperture  at  its  center.  The  aperture  was  shaped  so  that 
its  (fiameter  increased  in  the  direction  of  propagation  of  the  radiation.  With  the  source  located 

V 

at  the  appropriate  distance  in  front  of  the  plate  the  desired  collimation  was  achieved. 

The  significance  of  using  the  aperture-plate  as  opposed  to  a  long  mass  of  lead  with  a  hole 
dlong  its  axis  was  that  with  the  source  backed  away  from  the  aperture,  not  only  was  the 
geometrical  collimation  defined  (and  therefore  the  scattering-induced  background  in  the  chamber 
limited)  but  a  minimum  of  radiative  scattering  associated  with  the  collimator  itself  occurred. 
IHie  to  tim  extremely  narrow  linewidlhs  encountered  in  Mossbauer  spectroscopy  any  resonant 
photons  ottered  off  the  sides  of  the  collimator  would  be  shifted  out  of  resonance  and  thus 
h&:oim  potential  sources  of  noise  inside  the  chamber. 

Clo^y  allied  with  the  rationale  for  developing  an  optimized  transfer  of  the  resonance 
ratfiation  from  tl%  irracflated  target  to  the  sample  is  that  of  developing  an  efficient  detection 
astern  for  tl«  rasonant  7  rays  entering  the  chamber.  An  ideal  7-ray  detector  would  pos^ss  a 
high  throughput  for  tte  signal  and  a  correspondingly  low  throughput  for  the  noise.  Due  to  the 
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nature  of  the  resonance  phenomena  involved  in  OEMS,  one  is  in  an  advantageous  position  for 
developing  a  detector  that  possesses,  to  a  significant  degree,  these  properties.  Such  a  resonant 
detector  has  been  constructed  and  it  consists  of  the  resonant  target,  wlii^h  converts  the 
incoming  7  rays  to  signal  electrons,  an  electron  collection  system  and  an  electron  detector. 

Various  efforts  have  been  pursued  to  separately  investigate  the  photoelectric  emission 
generated  from  the  entrance  and  exit  windows  of  the  target  chamber,  the  holder  for  the  sample 
target,  the  effect  of  the  target  itself,  the  walls  of  the  chamber  and  the  electron  lens  assembly 
responsible  for  collecting  the  signal  electrons  emitted  by  the  target.  Radioactive  samples 
external  to  the  chamber  served  as  calibration  sources  of  radiation  to  produce  the  scattering 
effects  required  for  these  evaluations.  The  radiation  emitted  from  the  sources  was  collimated  to 
define  the  beam  geometry  and  its  path  through  the  chamber. 

A  dual  microchannel  plate  (MCP)  assembly  configured  in  the  chevron  tradition  was  chosen 
as  the  electron  detector.  (See  Figure  I  for  the  chevron  configuration  and  biases  typical  of  pur 
experiments.)  A  microchannel  plate  is  an  array  of  approximatdy  1 0^  parallel  channels  that  serve 
as  miniature  electron  multipliers.  Nominal  diameters  of  the  channels  range  from  10  to  100  |im 
and  have  typical  length*to*diameter  ratios  ranging  from  40  to  100.  The  channels  are  either 
normal  to,  or  biased  at  a  small  angle  of  approximately  eight  degrees  to,  the  input  surface  of  the 
MCP.  in  our  research  efforts  we  use  a  25  mm  diameter  Galileo  Electro-Optic  chevron.  In  the 
chevron  arrangement  [7,8],  two  plates  are  oriented  so.  that  the  channel  bias  angles  provide  a 
sufficiently  large  directional  change  at  the  interface  to  inhibit  positive  ions  produced  near  the 
output  of  the  rear  plate  (by  electron-residual-gas  collisions)  from  migrating  to  the  input  of  the 
front  plate  where,  upon  collision  with  the  channel  wall,  they  might  cause  indistinguishable  noise 
pulses.  Tlie  plates  are  separated  normally  by  approximately  SO  to  ISO  4m.  Typical  detection 
efficiencies  of  chevrons  for  various  kinds  of  primary  radiation  are  summarized  in  Table  1  [9]. 


The  citron  collection  system  consisted  of  the  target,  an  aperture  lens  designed  with  the 
d  of  comfMiter  simulations  and  a  Faraday*  caee  stnicture  integrated  with  tl%  lens  and  target  in 
wdi  a  v^y  si  to  shield  the  lens  elenmits  from  the  ground  potentials  of  the  chamber  walls.  The 
km  ^s  designed  to  focus  and  ao^lerate  tl^  electron  emissions  from  the  tar^t  to  tte  elartron 
detKtor.  Post*emission  acceleration  of  the  electrons  enhanced  the  focusing  power  of  tte  lens 
and  prochKed  mid  increased  the  energy  of  the  electrons  to  a  level  more  compatible  with  the 
ener^-response  region  of  the  electron  detector. 

OVERVIEW  OF  CONVERSION  ELECTRON  MOSSBAUER  SPECTROSCOPY 

Evduation  of  the  resonant  detection  system  described  in  the  previous  section  was.  most 
effKtively  obtained  by  performing  OEMS  with  an  external  source  of  ^Co  and  an  enriched  target 
of  ®Fe  inside  the  target  chamber.  Use  of  the  Mossbauer  effect  in  this  evaluation  was  of 
considerable  valia  for  two  reasons:  (1)  The  method  of  measurement  in  the  experiment  with  the 
LINAC  will  involve  the  emission  and  absorption  of  resonance  radiation.  The  early  incorporation 
of  the  Mossbauer  effect  thus  serves  to  simulate  to  some  degree  that  expectation.  (2)  Its  use  also 
allows  for  the  simultaneous  evaluation  of  signal  and  noise  production  in  the  detection  system. 
The  Mossbauer  effect  makes  possible  a  high  resolution  nuclear  spectroscopic  technique  applicable 
to  certain  transitions  having  y-ray  energies  from  10  -  100  keV.  The  lifetimes  of  the  nuclear 
states  are  typically  10*^  seconds,  which  is  approximately  the  same  order  of  magnitude  as  optical 
transitions  in  atomic  states.  However,  due  to  the  higher  energy  of  the  gamma  radiation  the  0 
(■AE/r^  of  the  resonance  is  about  10*^.  This  ratio  of  the  transition  energy  to  the  natural 
linewidth  Is  a  mrasure  of  the  accuracy  of  the  determination  of  relative  frequency  or  energy 
dan^  of  tl»  system.  Therefore,  the  Mossbauer  effect  allows  an  intrinsic  resolving  power  much 
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greater  than  any  other  form  of  spectroscopy.  It  is  only  through  the  existence  of  Mossbauer 
transitions  that  a  practical  source  of  very  narrow  line  radiation  can  be  produced  and  detected. 

A  nucleus  resonantly  excited  by  the  recoil-free  absorption  of  a  7  ray  can  decay  in  various 
ways,  involving  either  the  re-emission  of  a  7  ray  or  the  ejection  of  an  atomic  electron  via 
internal  conversion.  Typically,  low  energy  isomeric  states  are  characterized  by  internal 
conversion  coefficients  between  1  and  100  so  that  the  resonant  scattering  of  Mossbauer  gamma 
radiation  is  dominated  by  the  conversion  process.  Since  all  synchronous  radiation  emitted  after 
the  resonant  decay  of  a  nucleus  can  be  employed  to  record  a  Mdssbauer  spectrum,  the  detection 
of  conversion  electrons  and  the  subsequently  emitted  Auger  and  secondary  electrons,  can  provide 
a  low  noise  spectroscopic  signal  for  the  study  of  the  de-excitation  of  short-lived  nuclear 


isomers.  CEMS  necessarily  imposes  a  scattering  geometry  upon  the  experimental  arrangement  and 
therefore  the  emission  spectrum  one  observes  is  seen  as  an  increase  in  count  rate  in  the  detector. 

It  is  significant  to  point  out  that  since  only  those  electrons  emitted  from  the  surface  can 
be  detected,  this,  in  a  sense,  places  a  natural  limit  on  the  effective  thickness  of  the  absorber. 
This  limit  on  effective  absorber  thickness  removes  any  saturation  effects  that  might  be  related  to 
the  severe  dependence  of  the  resonant  absorption  coefficient  on  the  energy  of  the  incoming 


gamma  ray.  Hence,  the  natural  linewidth  of  the  transition  is  observed.  Typical  ranges  for  both 
the  7.3  keV  conversion  electrons  and  5.4  keV  Auger  electrons  in  iron  are  approximately  57  nm 
and  36  nm,  respectively. 

The  decay  scheme  and  energy  level  diagram  of  the  nuclear  emission  fpr  ^Co  and  its 
daughter  isotope  s’Fe  are  shown  in  Figure  2.  The  ^Co  source  decays  by  electron  capture  into  an 
excited  state  of  ^’Fe,  with  the  3/2  1/2  Mdssbauer  transition  leading  to  either  the  emission  of 


a  1 4.4  keV  7  ray  or  a  conversion  electron.  The  mean  lifetime  of  the  isomer,  t,  is  1 .4  X  1 0  ’ 
seconds.  From  Heisenberg’s  uncertainty  principle,  AE  =  F  =  fi/t,  it  can  be  shown  that  the  natural 


Hnewidth  of  the  transition  is  F  ■  5  X  10  *  eV.  For  **Co  prepared  as  a  resoninl,  sintle*line 
sourae  in  a  ^tedium  latti^  the  1 4.4  keV  fray  emission  can  omir  without  recoil,  or  measurable 
loM  of  mer^,  in  about  62*66%  of  the  decays.  Hence,  in  the  majority  of  cases  resonant 
d»orption  can  occur  sinw  the  nucirar  energy  levels  of  the  source  and  absorber  match. 

With  the  freqiKncy  of  the  resonant  photons  so  well  defined,  an  optical  Doppler  shift 
a^omplist^d  by  moving  the  source  relative  to  the  absorber  can  be  nsily  used  to  tune  tte  single 
emission  lim  of  the  source  into  and  out  of  resonance  with  the  absorber  (which  may  be  either 
single*line  or  possess  hyperfifw  stru'cture).  The  relative  velocity  of  the  source  and  absorber 
necessary  to  aan  a  full  width,  2r,  of  the  resonance  line  is  given  by 

Ed  -  (v/c)E,cose  .  (I) 

where  E  is  the  energy  of  the  t  ray,  v  is  the  relative  velocity  between  the  source  and  absorber,  c 
is  tl«  speed  of  light  and  0  is  the  angle  between  the  source  velocity  and  the  direction  of  the  fray 
propagation. 

As  previously  mentioned,  the  de-excitation  of  a  resonant  nucleus  In  the  absorber  can 
proceed  through  the  emission  of  a  Mossbauer  quantum  or  by  internal  conversion,  and  f  )r  s’Fe 
the  total  electron  conversion  coefficient  is  8.2.  The  relative  intensities  of  the  conversion  and 
Auger  electrons  [I]  are:  (1)  for  conversion  electrons:  K(7.3  keV,  79%),  L(13.6  keV,  8%),  and 
M(S.4  keV,  1%);  and  (2)  for  Auger  electrons:  KLL(5.4  keV,  60%)  and  LMM  (0.5  keV,  6%). 
As  3  practical  matter,  insofar  as  actual  emission  from  the  absorber  is  concerned,  it  h<s  been 
shown  that  50%  of  the  signal  electrons  ejected'  from  the  target  have  energies  below  1 5  eV 
because  o,'  sottering  and  thermalization  effects  [10-12]. 

Tte  sensitivity  of  CEMS  Is  determined  by  many  factors  that  depend  on  the  nucirar,  atomic 
and  solid  state  properties  of  the  source  and  scatterer.  For  a  thin,  single-line  source  and  resonant 
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scatterer  the  maximum  resonant  effect  to  be  expected  is  given  by  the  ratio  of  the  number  of 
conversion  electrons  ejected  from  the  absorber  to  the  number  of  photoeicctrons  ejected  (1.2]. 
The  expression  for  calculating  this  figure  is  given  by 

Nq  *  N»  nabf/.aogO  af,f,aOo 

tlcMm  *  — ——  ■  .  . .  "  * 

N«  2n5  (o  ♦  I )  2  («  ♦  I  )Ophn 

where  Ng.  N«  are  the  count  rates  on  and  off  resonance,  n  is  the  number  of  target  nuclei  per  cm^. 

a  is  the  isotopic  abundance  of  resonant  nuclei,  b  is  the  thickness  of  the  target  (on  the  order  of 
several  mean*free*paths  of  the  conversion  electrons  in  the  absorber),  o^  and  Op,,  are  the 

cross-sections  for  the  Mossbauer  and  photoeffect  and  O  is  the  relative  solid  angle  (normalized  to 
4«)  for  detection  of  electrons,  f,  and  f,  are  the  recoil-free  fractions  for  the  source  and 

absorber,  and  a  is  the  total  internal  conversion  coefficient.  In  actuality,  the  observed  magnitude 
of  the  effect  is  significantly  smaller  than  the  value  calculated  from  Equation  2.  One  major  reason 
is  that  in  the  experiment  conducted  here  a  single-line  emitter  is  used  for  the  source  but  the 
absorber  exhibits  a  multiplicity  in  which  six  allowed  transitions  having  line  intensities  in  the 
approximate  ratios  of  3:2:1  ;l:2:3  are  present.  The  percent  effect  of  the  transitions  are 
reduced  by  the  ratio  of  the  area  under  the  resonances.  Therefore,  OEMS  for  the  first  transition 
would  be  about  20  using  the  values  Oq/Opj,  *  400,  «  ■  8.2  and  fs  *  fa  “ 

OVERVIEW  OF  DESIGN  AND  DEVELOPMENT 

Several  distinct  phases  of  design  and  testing  were  involved  in  bringing  the  target  chamber 
to  its  present  level  of  performance.  For  the  earlier  stages  of  development  and  evaluation  a  1 2 
mCi  source  of  ^Co  was  used  to  supply  non-resonant  radiation  to  the  vacuum  chamber  and  its 


contents  in  order  to  simulate  the  scattering  conditions  to  be  expected  in  tl%  latter  steps  of  the 
cs^hiation  process.  The  final  stage  of  studies  involved  utilizing  tl%  CEMS  procedure  to 
determine  the  efficacy,  of  the  resonant  detection  system.  The  same  source  of  radiation  was  used 
for  both  the  nonresonant  and  resonant  studies. 

The  physical  layout  of  the  system  consisted  of  mounting  the  MCP,  sample,  electric 
feedthrough  contactors  and  the  Faraday  cage  as  an  integral  unit  on  a  six  inch  vacuum  flange.  As 
indicated  in  Figure  3,  this  provided  for  the  convenient  mounting  and  removal  of  tte  entire 
assembly  from  the  ^oium  chamber.  The  angular  position  of  the  target  assembly  with  resp«:t  to 
the  dilution  of  the  ^  rays  could  be  changed  by  rotating  it  about  a  vertical  axis. 

Chamber  Background' 

To  determine  the  contributions  of  the  chamber  itself  to  the  scattered  radiation  arriving  at 
the  input  of  the  electron  detector,  the  MCP  was  replaced  with  a  thin-window  Nal  detector  placed 
in  a  shielded,  custom  mount  that  was  located  in  the  exact  location  of  the  MCP.  It  was  found 
that  radiation  scattering  from  the  chamber  could  be  minimized  by  providing  a  radiation  exit 
window  diametrically  opposite  the  entrance  window.  This  wmdow  was  constructed  of  mylar  to 
minimis  backseat tering  of  the  radiation  and  had  a  diameter  of  four  inches.  With  proper 
collimation  of  the  s’Co  source,  the  beam  size  could  be  optimized  to  illuminate  only  the  target 
while  not  expanding  to  a  diameter  greater  than  the  output  window. 

Detector  Assembly  Background 

One  of  the  initial  experiments  conceived  to  optimize  the  detector  arrangement  consisted  of 
n^suring  the  photoel^tric  contribution  of  the  detector  assembly  excited  by  the  external 
radioactive  source.  In  part,  to  prevent  contamination  of  these  measurements  by  photoelectrons 
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produced  by  incident  radiation  striking  and  scattering  off  the  walls  of  the  vacuum  chamber  the 
MCP  target  assembly  was  enclosed  in  a  Faraday  cage  which  served  as  an  opaque  barrier  to  all  but 
the  most  energetic  photoelectrons. 

To  verify  a  consistent  performance  of  the  MCP  for  these  background  measurements  an 
unsealed  ^Co  source  with  a  nominal  activity  of  1 1.6  microcuries  was  mounted  inside  the  target 
chamber.  A  lead  disk  coupled  to  a  rotary  vacuum  feedthrough  served  as  a  selective  filter  to  pass 
either  electrons  and  photons,  y  rays  and  x  rays  only,  or  to  block  all  direct  radiation  from  the 
MCP.  Since  this  source  was  mounted  outside  the  Faraday  cage,  the  effectiveness  of  the  Faraday 
electrostatic  shield  against  the  inward  migration  of  electrons  could  also  be  observed. 

The  relative  photoelectric  and  Compton  contributions  from  components  inside  the  Faraday 
cage  were  determined  in  a  series  of  experiments  in  which  materials  having  different  Z-values  were 
employed.  The  basic  experimental  arrangement  contained  a  chevron  (with  an  electron  lens)  and  a 
static  external  57Co(Pd)  source  for  exciting  the  chamber.  Once  the  chevron  was  shown  to  be 
operating  at  nominal  sensitivity  the  internal  reference  source  was  blocked  by  the  radiation  filter. 
The  radiation  from  the  external  Mossbauer  source  was,  of  course,  collimated  to  define  the  beam. 
Data  were  collected  in  this  arrangement  with  various  combinations  of  the  detector  components 
assembled.  The  configurations  included:  (1)  null,  (2)  Faraday  cage,  and  (3)  Faraday  cage  with 
target  holder.  In  the  final  configuration,  5  cm  by  5  cm  targets  of  mylar,  aluminum,  copper,  and 
tantalum  were  used.  The  results  of  these  experiments  are  summarized  in  Table  2.  In  all  of  the 
configurations  above,  the  operating  bias  across  the  chevron  was  -I4iv0  V,  and  the  protection 
grid  and  Faraday  cage  biases  were  -2400  V. 
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Relative  fockground  Contributions  of  Target/Target  Holder 

As  indicated  previously,  a  collimator  was  used  to  control  tte  spatial  extent  of  tlw 
lacEation  b»m  entering  the  chamber.  The  most  effective  conflguration  for  tiK  l^kdround 
msi^i^ment  was  found  to  be  a  cylindrical  collimator  5.4  cm  in  diameter  and  21.3  cm  long  cast 
<Mit  of  ted  with  a  0.7  cm  bore  machined  to  obtain  the  desired  collimating  eff^ts.  This 
collimator  prochiced  a  spot  size  at  the  target  center  of  1 .2  cm  diameter  and  expanded  to  1 .8  cm 
at  the  radiation  escape  window.  Since  only  the  non-resonant  processes  were  of  infer^t  at  this 
sta^,  tte  fr^uency  downconversion  characteristic  of  a  long  collimator  was  not  detrimental.  To 
take  proper  advantage  of  this  high  level  of  collimation  the  collimator  was  mounted  on  a  gimbal 
and  coupled  to  a  micrometer  which  allowed  the  radiation  to  be  scanned  horizontally  over  the 
target  assembly  (np  Faraday  cage  or  lens  being  present).  To  measure  the  angular  deviation  of  tiK 
source  about  the  normal  to  the  entrance  window  a  mirror  epoxied  to  tlw  rear  of  the  collimator 
was  illuminated  with  a  He-Ne  laser  normally  incident  to  the  mirror.  The  angular  separation  of  the 
incident  and  reflected  beam,  20  ,  was  measured  geometrically. 

By  scanning  the  radiation  across  the  target  assembly  the  sensitivity  and  value  of  this 
appro^h  was  confirmed  by  tlw  extent  of  the  relative  photoelectron  contributions  observed  for 
the  holder  and  target.  Again,  data  were  collected  for  mylar,  tantalum  and  null  targets. 
Representative  data  for  the  tantalum  and  null  targets  are  shown  In  Figure  4.  As  can  be  seen  from 
the  figure,  photoelectrons  from  the  target  holder,  constructed  out  of  teflon,  are  cterly  visible 
to  the  detetor.  While  this  signal  is  much  smaller  than  that  from  a  tantalum  target,  it  was  soon 
determined  that  it  could  still  contribute  a  significant  background  in  a  CEM  spectrum.  To 
draimvent  this  sourra  of  noise,  a  new  target  holder  was  constructed  out  of  delrin,  which  is  a 
low-Z  polyn«r  having  excellent  vacuum  properties.  - 
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Electron  Lens  Design  and  Construction 

To  increase  the  total  detection  efFiciency  for  signal  electrons  by  the  chevron,  an  electro* 
static,  aperture  lens  was  constructed  to  effectively  increase  the  solid  angle  between  the  electron 
detector  and  the  target  foil.  With  a  1.2  cm  spot  size  on  the  target  foil,  a  chevron  with  a 
(^meter  of  2.S  cm  and  a  separation  distance  of  9.S  cm,  a  geometrical  solid  angle  of  1.3 
steradians  was  defined.  Numerous  computer  simulations  using  plane*wave  and  point*source 
electron  configurations  have  shown  that  the  electrostatic  lens  gives  an  effective  solid  angle  of 
almost  2n  steradians  for  electrons  having  appropriately  low  energies.  ' 

The  structure  and  dimensions  of  the  lens  can  be  seen  in  Figure  3.  It  exhibits  a  standard 
'  two'Stage  ring  configuration  constructed  from  copper  mesh  with  the  potential  difference 
between  the  two  rings  acting  as  the  primary  electron  accelerator.  It  has  an  outside  diameter  of 
12.7  cm,  and  a  length  of  approximately  IS  cm.  The  two  annuli  making  up  the  rings  have 
successively  smaller  apertures  as  the  MCP  is 
of  3.2  cm  while  the  second  has  an  inside 
electrostatic  fields  generated  by  the  annuli 
foil,  and  so  that  the  inside  diameter  of  th 
This  aided  in  preventing  oversteering  of  th 
incident  upon  the  face  of  the  MCP. 

Each  lens  segment  is  surrounded  by  copper  wire  cloth,  fashioned  in  a  simple  weave,  so  as 
to  simulate  a  Faraday  cage.  The  Faraday  cage  used  in  orlier  experiments  proved  the  value  of  such 
structures  in  shielding  the  MCP  from  noise  electron;  produced  outside  the  cage.  Most  impor* 
tantly,  however,  the  Faraday  cage  here  serves  to  shielc  the  various  lens  elements  from  the  ground 
potentials  of  the  chamber  walls  that  would  grossly  distort  the  focusing  fields.  A  fine  mesh 


approached.  The  first  annulus  has  an  inside  diameter 
diameter  of  2.S  cm.  This  was  done  to  allow  the 
to  penetrite  into  the  region  occupied  by  the  target 
;  second  annulus  matched  the  diameter  of  the  MCP. 


;  electrons  so  that  a  greater  fraction  of  them  were 


149 


mdcap  with  81  %  open  am  mas  pland  over  the  portion  of  tte  lens  next  to  tlw  chevron  input 
to  eomptete  tlw  shield  assembly. 

The  dioiw  of  copper  wire  doth  for  the  lens  material  was  made  for  several  rrasons.  First, 
It  iras  ^ry  important  that  tte  mass  inside  the  chamber  be  kept  to  a  minimum  sines  any  mass  can 
potoitially  be  a  sourcs  of  photoelectric  and  Compton  noise.  Seconefly,  a  mesh  was  n^ded  so 
tiat  openings  would  exist  for  the  external  radiation  source  to  illuminate  tl»  target  foil.  The 
fkid  (ffisturtoiess  esused  by  using  a  mesh  instead  of  a  continuous  sheet  of  metal  can  easily  be 
diown  to  be  negligible  (1 3]. 

The  copper  mesh  has  a  wire  diameter  of  approximately  2S0  jum  and  about  6  wraves  per 
on.  Using  simple  formulae,  it  can  be  shown  that  this  material  has  69  percent  open  area.  To 
increase  the  perrent  open  area  in  the  direct  path  of  the  radiation,  alternate  wires  in  the  region  of 
the  lens  within  the  path  of  the  external  radiation  were  removed.  This  reduced  the  mass  present  in 
the  path  of  the  radiation  and,  correspondingly,  the  photoelectric  and  Compton  noise.  The  lens 
elements  were  then  shaped  and  mounted  on  the  MCP'target  assembly.  An  annulus  constructed 
from  a  low*Z  polymer  separated  the  two  lens  elements. 

Once  construction  of  the  lens  was  completed  and  initial  experimentation  begun,  it  was 
necessary  to  find  optimum  potentials  for  the  various  parts  of  the  lens  so  that  maximum  focusing 
could  be  thieved  without  putting  "bright  spots"  on  the  face  of  the  MCP  which  could  physically 
dama^  the  deta:tor.  This  was  accomplished  using,  the  F.GUN2c  electron  optics  software  package 
traceable  to  SLAC.  Once  the  initial  boundary  configuration  was  entered  it  was  possible  to  test  a 
wiety  of  voltage  arrangements,  and  plot  corresponding  electron  trajectories.  A  ret  of 
i^rerentative  trajretories  is  shown  in  Figure  5. 

As  insficated  previously,  about  50%  of  tlw  sign?!  electrons  leaving  the  target  have  energies 
at  or  below  15  eV.  Using  this  erergy,  various  electron  emission  configurations  such  as  plane 
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waves  and  point  sources  were  simulated  with  electrons  starting  just  off  the  surface  of  the  foil. 
The  overriding  concern  in  the  optimization  process  was  that  in  order  for  an  electron  to  be 
appreciably  accelerated  through  the  lens,  it  must,  of  course,  be  exposed  to  progressively  higher 
potentials  as  it  traverses  the  lens.  However,  the  target  foil  is  biased  slightly  less  negatively  than 
the  Hrst  lens  element  to  assist  electrons  near  the  edges  in  escaping  from  the  target  foil  (see 
Fig.  3).  The  primary  constraints  on  the  optimum  voltage  selections  were  due  to  the  fact  that  the 
chevron  grid  was  being  operated  at  *1870  V.  and  that  the  power  supplies  readily  available  were 
not  capable  of  producing  more  than  -3000  V.  Nonetheless,  suitable  biases  were  found  to  achieve 
an  effective  collection  solid  angle  of  almost  2n  steradians. 

After  optimizing  the  lens  biases  using  computer  simulations,  further  experimental 
reHnement  was  performed  by  analyzing  the  count  rates  in  multichannel  scaler  (MCS)  spectra 
collected  at  various  lens  bias  settings.  The  optimum  operating  biases  for  the  lens  were  found  to 
be  Vjj,  ■  -2817  V,  ■  -1967  V,  and  ■  *2757  V  when  the  chevron  was  operated  at 
•1 61 6  V.  and  with  the  MCP  grid  at -1 866  V. 

It  was  expected  that  a  small  fraction  of  the  signal  electrons  from  the  target  foil  would 
have  energies  approaching  7.3  keV.  At  these  energies,  the  lens  is  almost  completely  Ineffective 
due  to  limitations  on  its  size  imposed  by  the  vacuum  chamber  and  by  restrictions  on  its  bias 
values.  The  geometrical  collection  efficiencies  for  these  electrons,  having  an  effective  solid  angle 
defined  solely  by  the  geometry,  prevented  the  experimental  signal-to-noise  ratios  from  reaching 
the  full  theoretical  value. 

CEMS  EXPERIMENTAL  ARRANGEMENT  FOR  DETECTOR  EVALUATION 

A  block  diagram  of  the  experimental  arrangement  is  shown  in  Figure  6.  The  source- target- 
detector  was  in  a  typical  scattering  geometry.  A  57Co(Pd)  source  was  mounted  on  a  velocity 
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transfhMer  to  Doppler  shift  the  eiKrgy  of  t!»  source.  Tl»  intensity  of  tte  scattered  radiation 
(convmion.  Auger  and  ^ondary  dectrons)  was  monitored  as  a  function  of  velocity. 

1^  M^teuer  spectrometer  employed  made  use  of  a  velocity  sweep  system  with  an 
dectromedianical  driver  on  which  the  source  was  mounted  and  which  was  swept  periodically 
through  the  of  interest.  The  spectrum  was  recorded  by  storing  counts  in  memory  ctennels 
of  a  OMilticluuiiKl  scs^r,  that  were  addressed  sequentially  and  synchronized  with  the  velocity.  By 
monitoring  tte  Doppler  motion  of  the  source  with  an  interferometer,  velocity  information  was 
multiplered  into  every  1 6th  channel  of  the  MCS.  During  the  subsequent  data  analysis,  a  channel 
number  could  easily  bp  converted  into  velocity  units.  This  form  of  data  collation  is  usually 
calkd  a  constant  acreleration  mode  since  a  range  of  velocities  are  swept  through  at  a  linear  rate. 

to  optimize  the  counts  per  second  registered  by  the  detector,  useful  information  was 
obtained  by  cfifference  measurements  performed  at  constant  velocity.  In  general,  the  Doppler 
velocity  of  the  source  was  chosen  to  coincide  with  one  of  the  Mossbauer  resonances,  then  some 
parameter  of  the  experiment  was  changed  and  the  counting  rate,  (CPS),  recorded.  The  experiment 
was  repeated  off*resonance  to  determine  the  noise  contributed  to  the  spectrum.  This  technique 
was  used  in  our  calibration  work  to  monitor  the  intensity  of  a  selected  resonant  emission  as  a 
function  of  the  tens  bias  configuration. 

Vj^nim  limping  System  for  (TEMS 

Up  to  this  point,  for  non-resonant  studies  of  the  environmental  influences  on  the  signal 
noise,  the  vsKUum  requirements  were  satisfied  by  using  a  turbo  molecular  pump  (TMP)  to 
mmntain  tl%  appropriate  pressure  in  the  target  chamber.  But  now,  after  having  identified  and 
reckued  the  sourres  of  noise  due  to  photoelectrons  and  scattered  radiation,  it  basins  appropriate 
to  proceed  with  tte  more  pradse  Mossbauer  experiments  in  which  both  resonant  and  non- 
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resonant  signals  could  be  observed.  Unfortunately,  however,  since  the  Mossbauer  effect  is  easily 
destroyed  by  spurious  vibrations,  the  TMP  could  no  longer  be  used  to  produce  the  vacuum  of  2 
X  1  O'*  Torr  necessary  for  proper  MCP  operation. 

To  provide  for  vibrationless  pumping,  a  140  l/s.Varian  diode  Vaclon  pump  was  employed. 
Such  pumps  operate  by  ionizing  gas  in  a  magnetically  confined  cold-cathode  discharge.  Several 
mechanisms  typically  combine  to  pump  the  myriad  of  gases  present  in  a  vacuum  chamber.  These 
include  the  trapping  of  electrons  in  orbits  by  a  magnetic  field,  ionization  of  gases  by  collision, 
sputtering  of  the  titanium  anodes  by  ion  bombardment,  gettering  of  active  gases  by  the  titanium, 
and  diffusion  of  hydrogen  and  helium  into  the  titanium.  For  the  noble  gases,  the  basic  pumping 
mechanism  is  burial  in  the  pump  wails.  These  mechanisms  combine  to  form  an  extremely  harsh 
environment  inside  the  Vaclon  pump.  Unless  proper  pr^utions  are  taken,  neutral  and  charged 
particles  as  well  as  radiation  (hard  UV)  czn  escape  from  the  pump  and  seriously  degrade  the 
performance  of  the  detector.  To  prevent  contamination  from  the  Vaclon  from  entering  the 
target  chamber,  a  line  of  sight  baffle  was  inserted  between  the  pump  and  target  chamber.  The 
baffle  consisted  of  six  successive  plates  having  staggered  apertures  serving  as  choking  orifices  for 
the  pump  feedback. 

Unfortunately,  by  using  the  baffle  to  reduce  the  noise  from  the  pump  to  a  negligible  level, 
the  efficiency  of  the  pump  was  reduced  to  such  a  point  that  it  could  no  longer  maintain  the 
chamber  at  the  required  pressure  of  2  pTorr.  To  overcome  this  problem,  an  additional,  smaller, 
ion  pump  was  added  to  the  pumping  ^stem.  In  this  manner  the  contamination  of  the  signal  was 
reduced  below,  observable  limits  and  pressures  as  low  as  I  pTorr  could  be  maintained. 
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Evaluation  of  I^tection  System 


The  fitel  test  of  the  elytron  lens  assembly  ^vas  to  collect  a  CEM  spectrum  at  tl^  optimum 
Mas  potentials.  Since  monant  effects  were  being  studied  at  this  point  in  tte  development  the 
aperture  collimator  was  introchu^d.  The  target  was  a  5.0  cm  by  S.O  cm  by  2  pm  iron  foil  with 
m  enriched  abundance  of  ^Fe  nuclei  of  93.55  percent.  Data  were  collected  with  the  elytron  lens 
in  the  active  mode  at  tl%  optimum  biases  previously  mentioned  and  in  tl»  passive  mode  with  tte 
Faraday  shield  bias  at  -1 866  V.  These  data  are  shown  in  Figure  7.  In  Figure  7a,  with  tl«  lens  in 
a  (»ssive  mode,  only  those  electrons  falling  within  the  geometric  solid  angle  subtended  by  the 
tari^t.  and  dievron  were  collected.  With  the  lens  in  the  active  mode.  Figure  7b,  tlw  effKtive 
solid  angle  approaches  27t.  The  signal-to-noise  of  the  spectrum,  (Nq  ■  N«)/N«,  was  found  to  be 

8.1;  over  an  800  percent  effecrin  the  #1  transition! 

The  maximum  percent  effect  reported  in  the  literature  is  Ocems  “  3600  percent  [11. 
However,  this  was  for  a  single  line  source  and  absorber.  Since  approximately  25  percent  of  the 
total  resonance  was  under  the  #1  transition  in  our  data,  we  can  multiply  the  literature  value 
^CEMS  “  3600  percent  by  0.25  to  estimate  what  their  percent  effect  would  have  been  if  they  had 

used  a  split  absorber.  This  gives  Ocems  “  percent.  Our  data  gave  a  percent  effect  only  1 0 
percent  lower  than  the  maximum  ever  reported  in  the  literature! 

CONCLUSIONS 

The  substantial  ri'fort  that  has  been  contributed  to  the  design,  development  and  character- 
~  fation  of  the  target  chamber  being  prepared  for  use  with  the  UTD-LINAC  has  yielded  a  detKtor 
system  that  convincingly  approaches  the  level  of  performance  considered  mandatory  for  the  harsh 
environment  anticipated  for  tte  intended  nuclear  fluorescence  experiments  conchicted  unefer  more 
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nearly  laserMike  conditions.  Certainly  room  for  further  refinement  exists  and  efforts  will 
continue  to  take  us  in  that  direction.  Efforts  toward  improving  the  collecting  ability  of  the 
electron  lens  toward  higher  energy  electrons  can  be  pursued,  further  reduction  of  background 
noise  can  be  addressed,  reliability  standards  of  the  microchannel  plates  cm  be  established,  and 
efforts  toward  determination  of  the  total  detection  efficiency  of  the  detector  can  be  completed. 


TABLE2 


Counts  per  second  for  various  component  configurations  Inside  the  chamber  with  the  internal 
reference  blocked. 


Component 

CPS  with  external 
source 

CPS  without 
source 

Null 

30.23  ♦  1.62 

3.141  1.49 

Cage 

36.65  ±1.83 

2.56  1  0.56 

Cage/Holder 

43.9011.87 

1.6510.35 

Mylar 

42.02  1  2.22 

2.39  1  0.44 

Aluminum 

4I.4t  ±  1.94 

1.5410.40 

Copper 

_  46.2011.85 

1.5710.38 

Tantalum 

67.55  1  2.44 

1.5610.35 
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CAPTIONS 


Figure  I :  Energy  level  diagram  for  ^Co  source  and  s’Fe  target  showing  (a)  the  emission  process 
for  the  14.4  keV  gamma  ray  and  (b)  the  nuclear  Zeeman  splitting  of  the  nuclear  energy  levels  due 
to  the  large  internal  magnetic  fields  in  a  ferromagnetic  iron  foil.  Note:  In  (b)  the  energy  scale  is 
about  1 0'3  smaller  than  in  (a). 

Figure  2:  Schematic  diagram  of  the  experimental  apparatus.  For  Mossbauer  studies,  the 
source*target-detector  are  in  a  backseat  ter  geometry. 

Figure  3:  Circuit  diagram  O'f  the  supporting  electronics  for  tiie  chevron  microchannel  plate 
assembly  electron  detector. 

Figure  4:  Sweep  data  collected  by  scanning  a  highly  collimated  radiation  beam  across  the  target 
holder  assembly  containing  (a)  tantalum  and  (b)  null  targets.  The  contribution  from  the  target 
holder  is  clearly  seen  in  (c)  after  chamber  background  counts  have  been  removed. 

Figure  5:  Drawing  of  the  two-element  electron  lens.  The  steering  of  the  electrons  is  performed 
primarily  by  the  potential  gradients  established  between  R,  and  Rj. 

Figure  6:  The  EGUN2c  computer  program  was  used  to  design  the  electron  lens  used  in  CEMS. 
In  (a)  the  calculated  electron  trajectories  for  electrons  emitted  from  a  point  source  at  the 
geometric  center  of  the  target  are  shown.  A  "plane-wave"  of  electrons  emitted  uniformly  from 
the  face  of  the  target  is  shown  in  (b). 
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Figure  7:  Conversion  electron  Mossbauer  spectra  for  a  93.55%  enriched  ^Fe  target:  (a)  Lens  in 
a  lassive  mode  possessing  no  focusing  or  accelerating  properties  and,(b)  Lens  in  a  focusing  or 
Ktivbmode. 
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CEMS  with  Electron  Lens  in  Passive  Mode 


AN  EVALUATION  OF  NANOPHASE  DIAMOND  FILM  DOPED 


WITH  5?Fe  FOR  USE  AS  A  NUCLEAR  TARGET 

T.  W.  Sinor,  J.  D.  StandiFird,  J.  J.  Carroll, 

K.  N.  Taylor,  C.  Hong  and  C.  B.  Collins 

INTRODUCTION 

The  Mossbaixr  effect  proves  ideal  for  the  sensitive  characterization  of  implanted  materials 
becalise  it  revrals  tte  sharpest  resonances  occurring  in  nature.  In  this  work  we  u^d  it  to 
in^tipte  tl%  properties  of  ^Fe  atoms  implanted  in  nanophase  (amorphic)  diamond.  The  target 
had  been  prepared  by  depositing  a  I  4m  thick  film  of  nanophase  diamond  on  a  Ti  substrate.  The 
film  wis  th«i  ion  implanted  with  s’Fe  at  an  energy  of  20  keV  and  a  dose  of  5  x  1 0**  atoms/cm^ 
The  ^Fe  atoms  penetrated  to  a  depth  of  approximately  200  A  in  the  film  and  represented  a 
concentration  of  about  i0%. 

The  relatively  low  number  of  ^e  atoms  implanted  in  the  diamond  film,  combined  with  the 
presence  of  the  Ti  substrate,  made  the  use  of  standard  spectroscopic  techniques  impractical.  To 
observe  the  resonant  effects  produced  by  the  ^Fe  nuclei  required  the  use  of  backscattering 
tediniques.  In  Mossbauer  spectroscopy  two  options  for  this  are  available,  conversion  electron 
M^bauer  spectroscopy  (CEMS)  and  j  ray  and  conversion  x  ray  Mossbauer  spectroscopy. 

The  purpose  of  this  work  was  to  determine  the  utility  of  nanophase  diamond  films  doped 
with  micrograms  of  ^’Fe  for  use  as  nuclear  targets  in  gamma*ray  laser  research.  In  these 
ocperiments  the  doped  nanophase  diamond  would  be  used  as  the  primary  target  excited  by  j^he 
bremsstrahlung  radiation.  Narrow-line  fluorescence  pumped  through  strong  absorption 
resonance  would  be  emitted  with  the  best  recoil-free  fraction  and  the  irast  amount  of  broad 
band  l»ckground  noi^  from  scattering  events  in  the  target.  Of  secondary  interest  was  the 


potential  for  using  doped  diamond  samples  as  efficient  detectors  for  the  resonance  fluorescence 
emitted  by  the  primary  target,  in  this  latter  usage  the  electrons  emitted  from  the  detector  as  a 
result  of  the  resonant  absorption  of  the  14.4  keV  component  of  the  target  fluorescence  would 
be  collected  as  signal. 

CEMS  MEASUREMENTS 

Methods 

Conversibn  electron  Mossbauer  spectroscopy  has  the  advantage  of  being  more  sensitive  to 
small  concentrations  of  Mossbauer  nuclei  because  of  the  large  internal  conversion  coefficic-iit  of 
^Fe.  The  primary  drawback  to  the  use  of  CEMS  is  that  it  has  a  maximum  depth  of  sensitivity  in 
the  sample  equal  to  that  for  the  escape  of  conversibn  and  Auger  electrons.  Since  most 
Mossbauer  samples  are  much  thicker  than  this  depth  which  is  typically  around  SO  nm.  CEMS  is 
not  sensitive  to  most  of  the  volume  of  the  material  being  studied,  in  iron,  the  conversion  and 
Auger  electrons  have  mean  escape  depths  of  57  nm  and  36  nm  respectively.'  One  question  to 
resolve  in  this  work  was  whether  CEMS  might  nevertheless  serve  as  a  useful  means  of  detecting  a 
component  of  resonant  fluorescence  in  a  larger  broad  band  background  of  scattered  radiation. 

Figure  1  shows  the  experimental  arrangement  for  the  CEMS  measurements  reported  here. 
The  absorbers  under  investigation  were  mounted  on  a  rotatable  holder  so  that  samples  could  be 
changed  without  breaking  the  vacuum  in  which  the  experiments  were  done.  The  signal  electrons 
emitted  from  the  sample  being  illuminated  were  detected  by  a  chevron  microchanneF plate  (MCP) 
assembly.  A  two  stage  electrostatic  lens  was  used  to  accelerate  and  steer  the  signal  electrons 
from  the  target  to  the  detector.^  The  Mossbauer  source  and  Doppler  motor  assembly  were 
external  to  the  UHV  chamber  and  the  Mossbauer  source  illuminated  the  absorber  assembly 
through  a  thin  Ti  entrance  window. 
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The  ^Ktrostatic  lens  assembly  served  several  purpoxs.  It  was  responsible  for  both 
fooising  md  aoslerating  tte  low  erorgy  (<  IS  eV)  conversion  and  Auger  electrons  emitted  from 
the  absorber  to  the  detector  while  shielding  the  various  elements  from  the  ground  potentials  of 
the  dumber  walls.  A  700  V  gradient  in^..'rased  the  electron  energies  to  values  more  compatible 
with  the  sensitivity  of  the  input  to  the  MCP. 


Lower  wiergy  i^orant  electrons  arise  fro  n  u^th  a  surface  and  a  bulk  effect.  In  iron,  the 
dectrons  s«isitive  to>surfare  effects  have  a  mean  escape  depth  of  approximately  4  nm,  while 
dectrons  from  the  bulk  have  a  mean  escape  depth  of  approximately  40  nm.  For  electron  energies 
less  than  IS  eV,  the  ratio  of  the  surface  component  to  the  bulk  effect  is  reported^  to  be  S.S  to 
I2.S. 

In  this  work  spectra  were  obtained  by  CEMS  for  a  variety  of  samples.  They  inducted  foils 
of  natural  iron  that  contain  2,19%  ^Fe,  310  stainless  steel  enriched  to  90.6%  s^Fe  for  the  iron 
content  of  the  alloy,  and  a  93.SS%  enriched  iron  absorber.  These  foils  were  used  to  generate 
an  absolute  calibration  curve  for  the  detection  system.  As  seen  in  Fig.  I  each  sample  under 
investigation  was  mounted  on  a  rotatable  target  holder  inside  the  UHV  chamber.  A  310  stainless 


sted  calibration  foil  placed  on  the  opposite  side  of  the  holder  could 
illumination  to  verify  the  reproducibility  of  the  detection  system  without  dtering  the  experimen¬ 
tal  arrangement. 

Analysis 

The  resulting  calibration  curve  demonstrates  the  linear  dependence  of  I 


rale  on  tl«  total  illuminated  mass  of  ^’Fe  in  each  absorber  that  would  m  expected  in  a  well 


aligned  system.  The  reproducibility  of  the  detection  system  gives  a  high 


with  r«p^t  to  the  placement  of  the  data  points  on  the  calibration  curve  that  is  shown  in  Fig.  2. 


For  rach  point  on  the  curve,  the  counting  rates  in  the  corresponding  spect 


be  rotated  into  the 


the  resonant  counting 


degree  of  confidence 


ra  were  normalized  to 


a  spectrum  taken  when  the  calibration  absorber  on  the  opposite  side  of  the  holder  was  rotated 
into  the  illumination.  The  highlighted  point  in  the  figure  corresponds  to  the  ^Fe  implanted 
nanophase  diamond  sample.  Direct  comparison  of  this  point  with  the  calibration  curve 
demonstrates  that  the  emissivity  of  electrons  from  the  nanophase  diamond  is  greater  than  would 
be  expected  for  a  corresponding  metallic  absorber  having  the  same  number  of  Mossbauer  nuclei. 
A  typical  spectrum  taken  with  the  nanophase  diamond  sample  is  shown  in  Fig.  3.  The  enhanced 
emissivity  of  resonant  electrons  from  the  nanophase  diamond  sample  can  be  attributed  to  an 
increased  Debye-Waller  fraction. 

The  emission  effects  produced  in  nanophase  diamond  thin  filrrss  vvpre  studied  by  overcoat¬ 
ing  the  original  sample  with  successive  layers  of  nanophase  diamond.  Two  layers  having 
thicknesses  of  230  A  and  240  A,  respectively,  were  deposited  and  calibration  spectra  were  taken 
after  each  deposition.  Analysis  of  the  resonant  counting  rate  from  the  sample  versus  the 
overcoat  thickness  could  not  be  fit  to  a  pure  exponential  due  to  an  increase  in  the  recoil-free 
fraction  when  the  sample  was  overcoated  with  nanophase  diamond.  However,  a  numerical  fit  to 
the  data  yielded  an  estimated  mean  free  path  of,  30  nm  for  the  low  energy  signal  electrons  with 
energies  of  around  20  eV. 

GAMMA-RAY  AND  CONVERSION  X-RAY  MEASUREMENTS 

Methods 

The  CEMS  data  indicated  that  the  nanophase  diamond  film  may  have  a  relatively  large 
recoil-free  fraction  at  room  temperature  after  defects  and  voids  created  by  the  implantation  were 
repaired  with  an  overcoating  layer  of  nanophase  diamond.  However,  since  CEMS  provides  only 
information  about  the  surface  layer  of  the  nanophase  diamond  it  cannot  be  used  to  determine  the 
recoil-free  fraction  of  the  bulk  material.  Information  about  the  bulk  properties  of  the  material 


171 


cm  be  obtained  from  t  and  conversion  x  ray  fluorescena  t«:hniqi«s.^*s  Specifically  this  tKhni<pe 
iras  used  to  verify  lin^rity  and  to  obtain  a  relative  measuren^nt  of  the  r»:oil*free  fr^tion  of 
the  mnophase  diamond  film. 

For  t  and  conversion  x-ray  fluorescence  measurements  data  were  coIlKted  in  a  typical 
l^onalry  with  a  Mattering  angle  of  45*.  A  specially  designed  graded  shield  was  used  to  reduce 
mvironn^ntd  scattering  of  the  sour<»  radiation  into  the  detector.  In  addition  to  the  graded 
shield  an  x-ray  filter  was  placed  between  the  source  and  scattering  tar^t  to  re<hic«  the  number  of 
low  ei«rgy  x  rays  which  resulted  from  de-excitation  processes  in  the  source.  These  x  rays  were  a 
major  source  of  noise  in  the  signal  and  by  attenuating  them  with  an  appropriate  Alter,  tl%  signal 
to  noise  ratios  of  the  Mossbauer  spectra  were  greatly  improved.  The  scattered  j  and  x  rays 
from  tiK  wious  targets  were  detected  by  a  thin  window  Nal(TI)-PMT  combination. 

Analysis  '  ■ 

Data  were  collected  for  a  variety  of  iron  targets  and  the  total  counts  in  the  resonance  lines 
were  plotted  as  a  function  of  the  total  mass  of  ^’Fe  in  the  sample.  The  calibration  curve  is 
shown  in  Fig.  4.  As  expected  the  count  rate  increased  linearly  with  the  amount  of  ^Te  in  the 
sample.  The  total  signal  count  rate  for  the  ^’Fe  implanted  in  the  nanophase  diamond  Aim  was 
plotted  against  the  calibration  curve  and  is  shown  in  the  inset  of  Fig.  4.  As  in  the  case  of  the 
CEMS  measurement,  direct  comparison  of  this  point  with  the  calibration  curve  indicated  that  the 
Auorescent  signal  from  the  s’Fe  in  the  nanophase  diamond  was  greater  than  would  be  expected 
for  a  corresponding  metallic  absorber  having  the  same  number  of  Mossbauer  nuclei.  This 
unambiguously  indicated  that  the  recoil-free  fraction  of  the  nanophase  diamond  at  room 
temperature  is  grrater  than  that  for  iron.  From  this  data  it  was  possible  to  estimate  a  lower 
limit  of  tte  recoil-free  fraction  of  the  nanophase  diamond. 
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DETERMINATION  OF  THE  RECOILLESS  FRACTION  OF 
NANOPH.ASE  DIAMOND  THIN  FILMS 

For  the  nuclear  lifetimes  usually  encountered  in  the  Mossbauer  effect,  the  scattering 
process  can  be  considered  as  a  resonant  absorption  and  subsequent  re*emission.  Under  these 
conditions,  the  intensity  of  recoil-free  resonant  scattering  will  be  proportional  to  the  square  of 
the  Debye-Waller  factor,  while  the  intensity  of  recoil-free  nonresonant  scattering  will  be 
proportional  to  the  first  power  of  the  Debye-Waller  factor.^  Multiple  scattering,  line  width  and 
interference  effects  are  neglected'  in  this  analysis.  Furthermore,  the  shapes  of  the  lines  after 
resonant  scattering  are  assumed  to  be  unaffected  by  self  absorption.  The  recoilless  fraction  /  of 
the  nanophase  diamond  was  determined  from  a  measurerrielH^f  the  resonant  scattering  intensity 
calibrated  against  metallic  iron  foils  with  a  known  Debye-Waller  fraction.  A  brief  outline  of  the 
theory  follows. 

According  to  the  Debye  theory  a  solid  may  be  considered  to  consist  of  a  large  number  of 
linear  oscillators  with  a  distribution  of  frequencies  ranging  from  zero  to  some  maximum,  Ot). 
The  total  number  of  oscillators  is  equal  to  3N,  where  N  is  the  number  of  atoms  in  the  solid.  If 
the  recoil  energy  of  the  nucleus  is  less  than  the  quantum  of  energy  necessary  to  excite  the 
oscillator  to  the  next  higher  energy  level,  the  j  ray  may  be  emitted  without  recoil.  The 
probabilities  of  such  recoillCss  emissions  are,  in  most  cases,  governed  by  the  Debye-Waller  factor 
which  is  given  by  the  Debye  model  as 

/  =  exp  I  - - (  1  +4(T/0p)?  /  _ ‘  ^ 

\  Jo  e‘  \  // 

In  the  limit  of  low  or  high  temperatures  Eq.  1  reduces  to 


r3 


where  T  is  the  absolute  temperature,  kg  is  the  Boltzman  constant  and  ©p  is  the  Debye 

temperature.  The  Debye  temperature  is  a  measure  of  the  stiffness  of  the  lattice  and  is  defined  by 
the  expression  hop  »  kgOp. 

Absolute  measurements  of  /  are  difficult  to  make.  However  relative  measurements  of  the 
recoil-free-fraction  can  be  made  by  comparing  the  resonant  scatterings  from  a  target  with  a 
known  value  of  /  with  the  emissions  of  the  material  with  an  unknown  /  using  the  same  source. 
For  purposes  of  calibration,  we  used  metallic  iron  foils  with  a  recoil-frce  fraction^  at  room 
temperature  of  «  0.69.  This  corresponds  to  a  Debye  temperature  calculated  from  Eq.  I  of 

about  335  K.  The  Debye  temperature  reported  in  the  literature*  for  iron  is  460  K.  This 
indicates  that  the  recoil-free  fraction  reported  by  Debrunner  and  Morrison*  could  possibly  be 
low.  However,  O'Connor  and  Longworfh"'  have  reported  the  recoiltess  fractions  of  *’Co  in  **Fe 
and  natural  iron  absorbers  to  be  0.77  ±  0.02  and  0.76  ±  0.06  respectively.  These  measurements 
correspond  to  a  Debye  temperature  of  400  K.  Preston  et  al.*  give  /  =  0.90  for  iron  at  room 
temperature  which  corresponds  to  a  Debye  temperature  of  about  650  K, 

This  divert  range  of  f-values  for  metallic  iron  at  room  temperature  indicates  that  the 
r«:oil-free  fraction  of  thin  films  of  the  type  usually  used  in  Mossbauer  spectroscopy  are  sensitive 
to  the  history  of  the  foil,  i.e.,  rolling  procedure,  annealing,  etc.  To  obtain  ah  absolute  value  for 


the  recoil-free  fraction  of  the  iron  doped  nanophase  diamond  it  would  have  been  necessary  to 
determine  for  the  calibration  foils  used  In  these  experiments.  However,  as  an  approximation 
the  value  of  /  ■  0.69  from  Debrunner  and  Morrison*  was  used  to  obtain  a  lower  limit  for 

and  the  corresponding  Debye  temperature  was  calculated  for  Eq.  I . 

If  the  recoil-free  fraction  for  the  source  is  /,  and  the  absorber  is  f^.  the  probability  for 

resonant  absorption  is  fj^  and  the  probability  for  resonant  reemission  is  fj^-  To  relate  this 
to  an  experimentally  measured  parameter  we  note  that  in  a  scattering  geometry  the  total  area 
under  the  lines  of  a  Mossbauer  spectrum  is  given  by 


If  the  rwonant  scatterings  of  two  targets  ate  compared,  and  if  tte  recoil*fr«  fraction  of 
one  of  the  materials  Is  known  we  may  take  the  ratio  of  tte  experimentally  determined  arras  in  the 
Mossbauer  rescnanra  and  «]uate  these  to  4  to  obtain 


<6) 


or  more  spraifically. 


f  iron 


<7) 


Equation  7  provides  an  approximate  value  of  the  recoil-free  fraction  of  the  nanophase  diamond 
film  which  is  proportional  to  the  area  under  the  linra  of  the  experimentally  measured  .spectrum. 

The  determination  of  /  from  a  measurement  of  the  area  of  an  experimental  Mossbauer 
spectrum  has  been  widely  used.  This  method  was  developed  by  Shirley  et  al.’  and  later  generalized 
by  Lang.>°  In  the  present  context  it  is  important  to  notice  that  Eq.  7  is  independent  of  the 
recoil-free  fraction  of  the  source.  Furthermore  by  taking  the  ratio  of  the  areas  instrumental 
errors  should  cancel. 

From  the  calibration  data  of  Fig.  4  and  using  /j„„  »  0.69' we  obtained  *  0.94  with  a 

lower-  bound  of  0.85.  Using  this  measurement  of  /  it  is  possible  to  determine  the  Debye 
temperature  0p  by  using  Eq.  I  to  make  a  plot  of  recoil-free  fraction  vs  Debye  temperature.  This 


plot  is  shown  in  Fig.  5.  As  seen  from  the  figure,  th^  median  value  of  the  recoilless  fraction  of 
the  nanopha^  diamond  corresponds  to  a  Debye  temperature  of  900  K. 


CONCLUSION 


In  ttese  experiments  the  Mossbauer  properties  of  ^’Fe  implanted  nanopha^  diamond 
samples  were  investigated.  The  CEMS  data  indicates  that  the  nanophase  diamond  film  has  a 
relatively  large  rraoil-frra-fraction  at  room  temperature  and  that  enhanced  emission  effects  may 


be  produced  in  the  amorphic  diamond.  Analysis  of  the  resonant  counting  rate  from  the  sample 
versus  the  overcoat  thickness  revealed  the  presence  of  both  exponential  and  linear  terms  in  the 
data.  The  exponential  term  is  indicative  of  the  attenuation  of  the  electrons  as  they  escape  from 
the  film.  The  linear  term  is  believed  to  represent  a  small  but  definite  growth  of  the  resonant 
electron  signal.  Further  analysis  of  the  ^'^Fe  implanted  nanophase  diamond  sample  is  necessary  to 
fully  understand  the  mechanisms  responsible  for  its  enhanced  electron  emissivity.  Particular 
emphasis  will  be  placed  on  re-implantation  of  the  nanophase  diamond  sample  so  that  more 
overcoating  experiments  can  be  performed  to  aid  in  the  continuing  study  of  resonant  electron 
propagation  and  emission  in  nanophase  diamond  films. 

Gamma  and  conversion  x-ray  Mossbauer  spectroscopy  has  been  used  to  experimentally 
determine  the  Debye-Waller  fraction  for  the  nanophase  diamond  film.  The  recoilless  fraction  /  of 
the  nanophase  diamond  film  was  determined  from  a  measurement  of  the  resonant  scattering 
intensity  calibrated  against  metallic  iron  foils  with  a  known  recoil-free  fraction.  Preliminary 
results  give  a  median  value  of  «  0.94  for  the  nanophase  diamond  film  and  a  corresponding 

Debye  temperature  of  900  K  for  comparison  with  the  value  of  335  K  indicated  by  recoil-free 
fractions  of  0.69  in  conventional  iron  Mossbauer  foils.  The  large  recoil-free  fraction  at  room 
temperature  makes  nanophase  diamond  a  promising  substrate  for  micrograms  of  exotic  nuclear 
materials  that  are  of  particular  interest  in  gamma  ray  laser  research. 
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CAPTIONS 

Figure  1 :  Schematic  diagram  showing  the  arrangment  of  the  sample  holder  and  MCP  detection 
assembly  inside  the  UHV  chamber.  Note  that  the  sample  holder  can  be  rotated  to  obtain 
calibration  spectra  without  altering  the  experimental  arrangement. 

Figure  2:  Calibration  curve  for  the  resonant  counting  rate  of  the  metallic  samples  as  a  function 
of  the  number  of  micrograms  of  ^Fe  contained  within  them.  The  highlighted  point  at 
8.S  micrograms  corresponds  to  the  implanted  amorphic  diamond  sample.  The  increase  in 
emissivity  over  the  metallic  absorbers  can  be  seen  clearly. 

Figure  3:  CEMS  spectrum  of  the  ^Fe  implanted  nanophase  diamond  sample.  The  partially 
resolved  doublet  is  due  to  quadruple  splitting  in  the  sample. 

Figure  4:  Calibration  data  for  signal  count  rate  vs.  amount  of  s’Fe.  The  inset  shows  the  datum 
for  iron  in  amorphic  diamond.  From  this  data  the  lower  limit  on  the  recoil-free-fraction  of 
amorphic  diamond  is  /  ■  0.85. 

Figure  5:.  Plot  of  recoil-free-fraction  vs  E)ebye  temperature.  Using  the  measured  value  of 
/  »  0.94  the  corresponding  Debye  temperature  of  nanophase  diamond  was  900  K. 
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INSTALLATION  OF  THE  TEXAS-X  RESEARCH  LINEAR  ACCELERATOR 

K.  N.  Taylor,  C.  Hong,  T.  W.  Sinor,  J.  J.  Carroll, 

J.  D.  Standifird,  D.  G.  Richmond,  and  C.  B.  Collins 

INTRODUCTION  ^ 

The  previous  chapter  of  this  report  reviewed  the  motivations  and  successes  in  studies 
conducted  at  the  Center  for  Quantum  Electronics  on  the  feasibility  of  a  gamma-ray  laser.  It  was 
emphasized  there  that  the  next  level  of  investigation  would  involve  the  study  of  isomers 
possessing  laserlilce  nuclear  states  having  lifetimes  on  the  order  of  one  to  several  microseconds 
and  that  this  would  be  done  with  an  in-house  linac.  The  intent  of  the  following  material  is  to 
detail  the  various  phases  of  the  construction,  installation,  testing,  optimizations  and  initial 
experiments  that  have  gone  into  bringing  the  Texas-X  research  linear  accelerator  on  line  and  into 
the  fruitful  research  endeavors  described  here. 

UNDERGROUND  FACILITIES  AND  INSTALLATION  OF  TEXAS-X 
Preparations  for  installation  and  operation  of  the  Texas-X  linear  accelerator  began  with 
construction  of  the  dedicated  shielding  chamber  which  was  designed  for  housing  the  device  and 
constructed  at  university  expense.  Excavation  for  this  construction  began  adjacent  to  the  High 
Energy  Laser  Laboratory  of  the  Center  for  Quantum  Electronics  on  Nov.  7,  1991.  Construc¬ 
tion  by  a  State  of  Texas  agency  is  complex  and  highly  regulated  and  the  final  designs  for  the 
building  called  for  ah  underground  facility  that  would  derive  its  shielding  capacity  from  both 
concrete  and  groundcover.  With  prevailing  considerations  of  ground  water  and  soil  instability 
the  foundation  called  for  a  pier  and  beam  support  structure  reaching  to  bedrock  (Figure  1). 
Following  construction  of  tiie  piers  and  a  mud  slab,  the  main  floor,  which  was  one  foot  thick 
and  laced  very  heavily  with  reinforcement  bars,  was  poured  on  Dec.  16,  1991.  As  seen  in 


/ 


/ 
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Figs.  2  and  3,  this  was  followed  by  construction  of  the  walls,  (filing,  and  installation  of 
conMts  for  power,  ^:cxicrator  control,  and  signal  cables,  etc.  Toward  the  end  of  February 
1992  soil  had  been  moved  into  placs  about  the  walls  and  packed  to  attain  proper  cfensities  for 
mating  the  shielding  specifications  and  temporary  soil  cover  had  been  placed  over  the  ceiling 
<Figs.  4  and  5).  Tte  final  pluses  of  construction  occurred  during  March  and  rarly  April  of  1992. 
Th^  iiKluded  such  items  as  electrical  wiring,  plumbing,  installation  of  the  air  exchange  system, 
Imting  and  cooling  devices,  safety  interlocks,  and  personnel  safety  alarms.  Figure  6  shows  an 
interior  view  of  the  chamber  and  also  the  future  location  of  the  acceletator  (as  demonstrated  by 
the  wooden  simulal'on  frame).  Following  sodding  of  the  ground  co’/er  with  bermucb  grass, 
installation  of  a  chain  liiik  fence  enclosing  the  chamber  was  begun  on  April  1 0  (Figure  7).  Tasks 
lelating  to  cleanup  and  small  oversights,  etc.,  were  completed  in  May,  1 992. 

Final  acceptance  of  the  accelerator  system  itself  was  completed  during  the  spring  and  the 
device  was  shipped  to  the  University  of  Texas  at  Dallas  at  the  end  of  May  1 992.  Representatives 
from  the  manufacturer  accompanied  the  system  and  supervised  placement  of  its  various 
components.  As  indicated  in  Fig.  8,  the  control  console  and  modulator  were  separated  from  the 
underground  accelerating  unit  and  placed  inside  the  main  laboratory.  The  control  unit  was 
accessibly  located  inside  the  copper  mesh  screen  room  which  also  contains  the  controlling  and 
processing  electronics  for  the  experiments.  '  The  modulator,  which  contains  the  power 
ifistribution  system,  switching  elements  and  pulse  forming  network  was  placed  near  the  door 
lading  downstairs  to  the  accelerator  chamber.  The  cable  run  conducting  the  power  pulses  from 
the  mochilator  to  the  linac  is  on  the  order  of  50  feet.  The  process  of  installing,  testing  and 
ad^sfing  tlw  machine  took  approximately  3  to  4  weeks.  The  university  began  operation  of  the 
nschine  the  last  week  of  June.  Characterization  studies  of  its  output  began  on  June  23,  1992. 
Following  these  studies,  as  described  below,  an  involved  series  of  efforts  was  initiated  to  ttevelon 


an  operating  environment  in  which  noise  levels,  and  other  concerns,  permitted  the  observation  of 
delayed  nuclear  emissions  from  target  isomers  possessing  laserlike  energy  levels.  This  objective 
required  the  optimization,  and  even  the  development  of  technology,  in  three  areas:  the 
fluorescence  detection  system,  EMI  and  RFl  noise  control,  and  data  acquisition  and  processing. 

DETECTION  SYSTEM 

The  critical  core  of  the  detection  system  for  nuclear  fluorescence  was  a  fast  scintillation 
crystal  having  a  very  low  residual  phosphorescence.  After  evaluating  the  many  alternatives,  the 
rather  obscure  CsF  material  was  concluded  to  offer  the  best  figure  of  merit  when  measured 
against  these  unusual  requirements. 

A  CsF  crystal  having  cylindrical  dimensions  of  2'.S  cm  diameter  and  length  of  2.5  cm  and 
coupled  to  an  RCA  8850  photomultiplier  tube  served  to  detect  the  delayed  fluorescent  emissions 
from  the  target  nuclei  irradiated  by  the  bremsstrahlung  radiation  from  the  linear  accelerator. 
This  combination  of  a  fast  scintillator  and  fast  photomultiplier  tube  yielded  a  composite  detector, 
capable  of  fast  speeds,  good  charge  production  and  high  gain.'  Because  of  the  typically  short 
lifetimes  concerned  with  in  our  work  and,  also,  the  expected  high  background  count  rates,  CsF 
was  chosen  over  the  more  popular,  but  slower  Nal.  The  significant  increase  in  count  rate 
capability  of  CsF,  whose  principal  decay  constant’  is  4.4  ns,  over  that  of  Nal  (230  ns  decay' 
constant’)  outweighed  concerns  over  nearly  commensurate  losses  in  light  output  (CsF  output’ 
about  5  to  10  %  of  Nal).  Furthermore,  losses  in  energy  resolution  were  of  minor  consideration 
due  to  the  energy  and  temporal  simplicity  of  the  spectra  being  observed. 

By  far,  the  most  intense  emissions  that  the  detection  system  had  to  contend  wi'h  were 
those  due  to  the  nonresonant,  Compton  scattered  photons  produced  during  irradiation  of  the 
sample  by  the  pumping  x  rays.  Fortunately,  the  delayed  nuclear  fluorescence  was_lempora^liy 


resoled  from  the  pumping  pulse  and  a  gating  scheme  designed  to  minimize  the  deleterious  effi^ts 
of  the  scattered  radiation  was  implemented.  Without  gating  tte  detector  OFF  (hiring  irradiation 
of  the  ample,  the  photomultiplier  tube  would  be  driven  into  aturation  and  premature 
deterioration  of  the  photocathode  would  ensue.  The  scintillator  italf  rannot  be  gated,  of 
course.  TI«refore,  in  order  to  minimize  exposure  of  the  scintillator  to  the  scattered  radiation  a 
high  degr^  of  shielding  and  collimation  was  employed.  These  efforts  helped  minimize  concerns 
about  scintillator  afterglow  or  phosphorescence^  (another  property  for  which  CsF  is  superior  to 
Nal). 

The  gating  technique  employed  consisted  of  driving  the  focusing  electrode  of  the 
photomultiplier  tube  into  an  OFF  condition  prior  to  each  onset  of  a  pumping  pulse  from  the 
accelerator.  At  termination  of  the  pulse,  the  operating  potential  of  the  focusing  electrode  was 
restored  and  normal  operation  of  the  photomultiplier  tube  resumed.  This  scheme  is  depicted  in 
Fig.  9  in  which  it  can  be  seen  that  an  appropriately  negative  potential  applied  to  the  focusing 
electrode  results  in  an  effective  OFF  condition  for  the  tube.  Gating  the  focusing  electrode®  '®  of 
an  8850  tube  provides  for  a  high  contrast  ratio  (i.e.,  the  quotient  of  the  tube's  ON  gain  to  its 
OFF  gain)  and  short  gating  transition  times  (on  the  order  of  80  ns  here). 

An  inherent  drawback  of  gating  a  photomultiplier  tube  by  direct  switching  of  any  of  the 
electrode  potentials  is  the  generation  of  switching  transients,  caused  by  (he  capacitive  coupling 
betw^n  tte  gated  electrode  and  (he  anode  of  the  tube,  that  may  be  inadvertently  mistaken  for 
signal  photocurrents.  In  the  case  of  an  approximately  rectangular  gating  pulse  the  corresponding 
transient  output  is  a  set  of  oppositely  polarized  spikes  caused  by  differentiation  of  tlw  original 
pulre.  The  prKise  shape  of  the  transient  output  is,  of  course,  determined  by  tte  shape  of  the 
pting  pulse  and  the  RC  parameters  of  the  differentiating  output  (which  consists  of  tte  stray, 
coupling  capacitance  betwren  the  focusing  electrode  and  (he  anode  and  lf»  effective  output 
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impedance  of  the  detection  system).  Naturally,  one  seeks  to  minimize  the  effects  of  this  output 
transient,  and  this  can,  in  part,  be  done  by  adjusting,  where  possible,  the  parameters  that 
influence  its  shape  and  magnitude.  For  fluorescent  emissions  sufficiently  delayed,  the  gating 
transients  do  not  present  a  problem. 

NOISE  CONTROL 

Ohe  of  the  most  serious  concerns  to  affect  efforts  directed  toward  delecting  and 
measuring  delayed  fluorescent  emissions  is  that  of  electrical  interference"  produced  by  the 
operation  of  the  linear  accelerator  itself.  This  form  of  interference  has  directly  influenced  the 
nature  of  the  processing  cibwircr.ics,  the  physical  arrangement  and  nature  of  signal  cables,  and.  in 
fact,  ail  electrical  elements  involved  in  the  collection,  transmission  and  processing  of  the  detected 
signal.  The  principal  sources  of  electrical  noise  are  the  high  current  and  high  voltage  pulses  that 
propagate  along  transmission  lines  from  the  pulsed  power  source  (i.e.,  the  modulator)  to  the 
accelerator  unit  itself.  These  pulses  are  delivered  into  an  unshielded  network  of  wires  and 
components  adjacent  to  the  accelerating  section  of  the  linac.  It  has  not  proven  practical  to 
provide  individual  shielding  of  the  networks  and  a  more  tractable  approach  of  shielding  the  signal 
collection  system  has  been  pursued. 

Follovving  efforts  to  minimize  conductive  interference  via  ground  loops,  etc.,  Fourier 
decomposition  of  the  power  pulses  was  undertaken  and  it  was  found  that  the  principal  spectral 
components  had  frequencies  below  several  hundred  kHz.  Due  to  these  relatively  lower  frequencies 
and  the  confining  dimensions  of  the  signal  collection  system  the  most  significant  propagated 
contributions  to  the  electromagnetic  noise  were  seen  to  result  from  the  inductive  compo¬ 
nents"'^  rather  than  the  radiative  components  of  the  field.  These  inductive  components  result 
from  both  magnetic  and  electric  contributions.  In  an  effort  to  identify  the  precise  sources  and 


ii3tui%  of  this  mode  of  interference  the  photomultiplier  tube,  which  acts  as  a  high  impecbnce 
airrent  source,  was  disconnected  from  the  signal  cable  leading  from  the  accelerator  chamber  to 
the  processing  electronics  and  replaced  with  a  resistor  across  the  input  to  the  cable  as  shown  in 
Fig.  10.  Figure  1 1  shows  tie  resulting  peak  noise  amplitude  detected  at  tie  processing  end  of 
the  cable  as  tie  input  impedance  of  tie  cable  was  increased.  It  is  interesting  to  note  that  the 
signal  dc^  not  extrapolate  to  zero  for  large  input  resistances  but  instead  tends  to  a  constant 
level.  The  nature  of  this  cfependence  on  impedance  suggests  that  the  primary  concern  with  the 
photomultiplier  tube  connected  to  the  system  is  electrostatic  coupling. 

An  effective  approach  taken  to  decouple  the  signal  system  from  the  noise  source  was  that 
of  placing  a  large  sheet  of  copper  (5  ft.  x  6  ft.)  on'uw'chamber  wall  from  which  the  signal  cables 
ttitered  the  room  for  connection  to  the  detector  output.  With  an  appropriate  aperture  through 
which  the  cables  could  emerge,  the  sheet  surrounded  the  terminating  ends  of  the  cables  and  thus 
presented  a  substantial  baffle  to  interfering  fields.  A  copper  box  was  constructed  over  the 
aperture  with  bulkhead  cable  connectors  mounted  on  it  for  connection  to  the  cables  from  inside 
In  the  chamber.  The  thickness  of  the  copper  sheet  (approximately  0.7  mm)  was  sufficient  to 
Kcount  for  the  skin  depths  of  the  significant  frequencies  encountered  in  the  noise  spectrum.  In 
addition  to  the  electrostatic  baffle,  high  quality,  double  shielded  coaxial  cable  was  employed  for 
transmission  of  the  signal.  With  the  implementation  of  this  scheme  significant  reduction  of  the 

noise  could  be  demonstrated  as  seen  in  Fig.  1 2.  ‘ 

•  *  « 

Furtf^r  refinement  of  the  signal  received  by  the  processing  electronics  was  achieved  by 
constructing  and  inserting  a  passive,  SO  ohm  bandstop  filter  having  band  edges  at  approximately 
200  kHz  and  1200  kHz  (Figure  13).  This  filtering  action  enhanced  the  baseline  restoration  of 
tte  signal  following  termination  of  the  accelerator  power  pulse  and  gating  of  llw  detector  by 
removing  contaminating  components  that  contained  little  or  no  useful  information. 
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The  efforts  described  thus  far  have  addressed  the  issues  of  enhancing  the  signal  to  noise 
ratio  of  the  detector  output  by  minimizing  the  rf  noise  contents  of  the  signal.  Another  effort 
that  tends  toward  the  same  end  is  to  minimize  contamination  of  the  original  photon  signal  by 
contributions  from  possible  delayed,  but  unrelated,  emissions  from  the  sample  itself  or  from 
environmental  materials  exposed  to  the  bremsstrahlung  pulse.  As  indicated  in  Fig.  1 4  the  output 
of  the  accelerator  was  spatially  defined  by  a  collimator  constructed  of  lead  and  having  dimensions 
of  14  inches  length  and  an  exit  aperture  of  I  inch.  The  photomultiplier  tube/CsF  detector  was 
contained  inside  a  graded  cylindrical  housing  constructed  of  copper,  tin  and  lead.  Radiation 
altering  the  photomultiplier  tube  housing  was  restricted  by  a  4*ir.ch  length  of  collimation  that 
terminated  at  the  face  of  the  crystal.  To  minimize  noise  photoi^ha^ing  energies  less  than  about 
200  keV  a  lead  filter  1/16  inch  thick  was  placed  at  the  entrance  to  the  detector  collimator.  The 
significance  of  this  filter  was  that  it  could  limit  the  input  of  low  energy  photons  at  all  times  and 
not  just  during  the  periods  of  signal  input.  This  limitation  would  help  minimize'^  any  slightly 
residual  effects  of  afterglow  in  the  crystal  due  to  the  tremendous  burst  of  scattered  radiation 
occurring  during  the  pumping  phase  of  the  cycle. 

DATA  ACQUISITION.  CONTROL  AND  PROCESSING 
The  anode  timing  output  from  the  8850  tube  was  inserted  into  a  double  shielded  coaxial 
cable  that  connected  to  the  cover  box  on  the  chamber  wall.  This  fed.  in  turn,  to  the  double 
shielded  SO  ohm  cable  mentioned  earlier  that  led  to  the  procr>;>sing  electronics  housed  in  a  copper 
mesh  screen  room.  The  pulse  handling  electronics  were  fast,  50  ohm  devices  designed  for  high 
pulse  rate  data  sources  (Fig.  15). 

The  block  diagram  shown  in  Fig.  1 5  illustrates  both  the  logic  layout  for  synchronizing  and 
control!.':'^  the  gating  electronics  and  the  signal  processing  and  timing  electronics  used  for 
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Kcording  the  timing  sp^trum  of  tte  drying  isomer.  As  s^n  in  the  (fiagram,  the  reference 
signal  for  initiating  tt%  gating  process  was  derived  from  a  synchronizing  pulse  provided  at  the 
moAibtor  w!«n  tl»  main  thyratron  was  triggered  into  commutation.  This  analog  pulse  was 
converted  to  a  TTL  pul^  with  a  nonretrlggerable  74121  multivibrator  chip.  Tlw  TTL  pul^  then 
»rwd  as  an  external  trigger  for  the  DO  S3S  digital  delay  pulse  generator.  Two  independent, 
logical  outputs  of  the  DG  S3S  were  time*adiusted  to  initiate  two  independent  ^uences  of 
events.  The  first  of  these  events  was  that  of  triggering  the  HV  pulse  generator  into  producing  a 
gating  pul%  for  the  focusing  electrode  of  the  photomultiplier.  Upon  arrival  of  this  appropriately 
shaped  i^gative  pulse  at  the  focusing  electrode  of  the  photomultiplier  tube  the  ON  bias  at  ,the 
electrode  supplied  by  the  (k:  power  supply  was  canceled.  The  HV  power  supply  mamtained  the 
normal  -t-ISOO  V  bias  for  the  photomultiplier  tube  and  the  dc  power  supply  biased  the  focusing 
electrode  to  an  voltage  of  4-650  V.  The  gating  pulse  was  typically  set  to  *820  V  and  had  a 


typical  width  of  1 0  microseconds. 

The  second  event  trig  jered  by  the  DG  535  output  was  the  timing  sequence  for  recording 
the  decaying  fluorescence  spertrum  being  emitted  by  the  irradiated  sample.  This  timing  sequence 
began  with  arrival  of  the  START  pulse  from  the  DG  535  at  the  input  of  the  time-to*amplitude 
converter  (TAC).  This  signjil  was,  of  course,  delayed  until  termination  of  the  linac  pulse  and 
until  any  residual,  nontracta  de  noise  had  sufficiently  decayed  to  acceptable  levels.  The  TAC 
mrasured  tte  tirtie  interval  hdween  arrival  of  the  START  pulse  and  a  STOP  pulse.  The  STOP 
|HiIk  was  derived  from  the  processed  signals  coming  from  the  detector  output.  With  this 
techniqtK  only  one  timing  count  could  be  recorded  per  linac  pulse.  So  the  timing  spectrum  was 
^cumulated  over  many  cycles  of  linac  operation.  The  output  of  the  TAC  (an  analog  sigral  whose 
afflplitude>  ls  proportional  to  the  measured  timing  interval)  was  fed  into  a  multichannel  analyzer 


whose  respond  was  calibrated  to  indicate  time  per  channel.  TIk  method  is  similar  to  that  of 


delayed  coincidence  techniques  except  that  here  an  artificial  reference  pulse,  synchronized  to  the 
irradiation  cycle,  was  used  for  initiating  the  timing  sequence.  The  multichannel  analyzer  displayed 
counts  vs  time. 

As  indicated  in  the  previous  chapter,  the  success  of  the  efforts,  and  the  validity  of  the 
techniques  described  here  have  been  beautifully  demonstrated  for  the  cases  of  '*'Ta  and  ’’^Hf. 
Figure  }  6,  reproduced  from  chapter  one,  demonstrates  the  delayed  emissions  obtained  from  the 
two  isomers.  The  statistics  and  simplicity  of  the  spectra  were  sufficient  to  allow  derivation  of 
the  characteristic  relaxation  times  by  the  straightforward  slope  technique  frequently  employed  in 
delayed  coincidence  measurements. 


ACCELERATOR  MODIFICATIONS 

Unfortunately,  before  isomers  having  shorter  lifetimes  could  be  studied,  and  prior  to  any 
further  refinements  of  the  data  acquisition  and  processing  systems,  a  sequence  of  accelerator 
problems  which  would  eventually  remove  the  linac  from  operation  for  a  period  of' more  than 
seven  months  began  to  develop.  Following  approximately  fifty  hours  of  beam*time  operation  a 
loss  of  vacuum  by  the  accelerator  waveguide  was  incurred  due  to  a  failure  of  the  electron  beam 
.exit  window.  This  failure  necessitated  a  return  of  the  waveguide  under  warranty  to  the 
manufacturer  for  repair  of  the  window.  They  elected  to  replace,  as  a  normal  course  for  such 
failures,  the  electron  gun  at  the  input  en  J  of  the  guide  and  to  replace  the  previously  .002  inch 
thick  copper/berylium  exit  window  with  .001  inch  thick  310  stainless  steel.  Unfortunately,  this 
window  failed  within  one  hour  of  operat  on  following  its  return  and  installation.  The  machine 
’.vas  once  again  returned  under  warranty  t  o  the  manufacturer.  This  time  a  major  reconsideration 
of  the  failure  modes  of  the  exit  windows  was  undertaken  without  cost  to  our  contract. 
Following  a  substantial  number  of  consultations  with  university  personnel,  outside  consultants 
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contracted  by  tte  imnufacturer,  and  their  own  staff,  a  reengineering  effort  was  begun  that 
would  adcb'ess  three  major  issues  relating  to  durability  of  the  exit  window.  The  first,  and  most 
significant  of  these,  was  tic  optimum  thickness  and  material  for  the  exit  window.  The  %cond 
concerned  the  most  practical  cooling  methods  for  the  window  and  the  third,  which  eventually 
involved  mngii^ring  the  output,  addressed  the  incorporation  of  a  maintenance  program  in 
which  tic  exit  window  could  be  replaced  prior  to  failure. 

The  eventual  selection  of  appropriate  window  material,  and  more  importantly,  window 
thickness  vras  governed  by  failure  modes  that  were  critically  dependent  on  the  energy  deposited  in 
the  window  by  the  beam,  by  eddy  currents  driven  by  residual  accelerating  fields  emanating  from 
the  resonant  standing  waveguide  and  by  considerations  of  exit  beam  divergence  caused  by  electron 
beam  scattering  within  the  window.  The  residual  fields  were  removed  from  the  drift  space 

t 

leading  to  the  exit  window  by  the  incorporation  of  absorption  pads  designed  for  efficient 
operation  at  microwave  frequencies.  A  more  difficult  problem  to  address  was  the  dissipation  of 
the  excess  energy  deposited  in  the  window  by  the  pulsed  electron  beam.  All  three  modes  of  heat 
transfer  were  considered  as  to  their  effectiveness  in  removing  excess  energy  from  the  window. 
It  was  determined  that  efforts  to  maintain  an  oxide-free  surface  was  very  important  for 
maintaining  an  optimum  radiative  component  of  heat  transfer  and  that  direct  cooling  of  the 
surfaa.with  either  water  or  a  flow  of  compressed  air  was  critical.  Tlw  third  method  of  heat 
transfer,  viz.,  that  of  conduction,  was  perhaps  the  most  significant  in  determining  the  optimum 
thickness  of  tte  window.  Not  surprisingly,  opposing  mechanisms  strongly  influenced  the 
consideration  of  thickness.  For  example,  the  thicker  the  window,  the  grwter  tte  conAictive 
fernowl  of  erergy,  but  also  the  greater  the  deposition  of  energy  by  the  electron  beam. 

After  much  consideration  two  proposals  were  presented  to  the  university:  (1)  an  exit 
window  cooled  by  the  direct  flow  of  a  I  mm  thick  layer  of  water  betwwn  two  surfaces  of 


.002  inch  thick  layers  of  stainless  steel  and  (2)  a  .003  inch  thick  copper/berrylium  window  cooled 
directly  by  a  jet  of  Compressed  air  and  indirectly  by  a  water  cooled  coil  placed  at  the  circumfer¬ 
ence'  of  the  window.  The  final  selection  from  these  two  proposals  was  based  on  three 
considerations  :  (1)  the  effect  on  beam  brightness  (i.e.,  beam  divergence),  (2)  the  energy  removed 
from  the  beam  and  (3)  the  final  dose  from  the  photon  beam  following  energy  conversion  at  the 
bremsstrahlung  target.  After  tests  performed  on  location  at  the  manufacturing  site  in  California 
by  both  the  manufacturer  and  our  university  personnel  the  air  cooled  copper/berrylium  window 
was  chosen  for  final  placement  on  the  machine.  This  window  was  mounted  on  the  reengineered 
output  section  of  the  guide  that  provided  for  routine  maintenance  of  the  accelerator  by 
prescheduled  replacement  of  the  window. 

The  guide  was  returned  to  the  University  of  Texas  at  Dallas  in  mid-February,  1 993. 
Unfortunately,  it  was  damaged  during  shipment  and  had  to  once  again  be  returned  to  the 
manufacturer.  This  necessitated  another  round  of  repairs  and  tests.  The  guide  was  finally 
returned  to  UTD  on  April  7,  1 993.  A  representative  from  the  manufacturer  reinstalled  the  guide 
and  began  a  series  of  tests  to  optimize  performance.  During  this  operation,  the  pulse  trans¬ 
former  that  drives  both  the  e-gun  and  magnetron  failed.  A  replacement  transformer  was  installed 
and  tests  resumed  on  May  25,  1 993.  A  successful  reinstallation  and  series  of  test  runs  was 
finally  completed  on  May  27,  1 993. 

All  aspects  of  repair  and  reengineering  of  the  accelerator  have  been  performed  under 
warranty  at  no  additional  cost  to  the  contract.  The  parties  involved  have  been  most  cooperative 
in  adapting  the  machine  from  the  reasonably  light  duties  customary  for  medical-like  applications 
to  those  requiring  long,  intensive  machine  runs.  As  presently  configured,  the  UTD  linear 
accelerator  will  play  a  well-defined  and  central  role  in  the  gamma-ray  laser  research  effort  at  the 
Center  for  Quantum  Electronics 
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CAPTIONS 

Figure  I:  Pier  drilling  following  excavation. 

Figure  2:  Installation  of  reinforcement  bars  for  ceiling. 

Figure  3:  View  of  chamber  from  northeast  with  laser  lab  in  left  background. 

Figure  4:  Packed  soil  surrounding  walls. 

Figure  5:  View  from  the  east  —  soil  placed  on  top  of  chambe*:. 

Figure  6:  Simulation  frame  showing  accelerator  location  inside  chamber. 

Figure?:  Posts  installed  for  chain  link  fence. 

Figure  8:  Placement  of  accelerator  system.  '  ~ 

Figure  9:  (a)  PMT  focusing  electrode  and  dynode  potentials  in  the  ON  and  OFF  states, 

(b)  Corresponding  gating  voltage  to  focusing  electrode. 

Figure  10:  Test  arrangement  for  studying  EMI. 

Figure  1 1 :  Noise  amplitude  vs  resistance  for  test  system  of  Figure  10. 

Figure  1 2:  Noise  levels  into  50  ohm  scope  showing  effectiveness  of  shielding.  (4)  Noise  without 
copper  sheet  rf  shielding  and  with  common  coaxial  cable,  (b)  Noise  without  copper  sheet  rf 
shielding  and  with  double  shielded  cable,  (c)  Noise  with  copper  sheet  rf  shielding  and  with  double 
shielded  cable.  — 

Figure  13:  50  ohm  tee  bandstop  filter. 


Figure  1 4:  Experimental  arrangement  for  detecting  fluorescent  emissions  from  irradiated  sample. 
Figure  IS:  Block  diagram  for  control  and  processing  electronics. 

Figure  1 6:  Timing  spectra  showing  fluorescence  from  microsecond  excited  stales  of  (a)  <*<Ta  and 
(b)  >76Hf.  . 
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